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Abstract This study aims to analyse the dynamic of two debris
cones (Cone A and Cone B) in Picos de Europa in the northern
Iberian Peninsula. Terrestrial laser scanning (TLS) technology was
used for their continuous assessment every August for 16 years
(2009-2024). The statistical predictive value of position (Z) in 2024
was calculated for the same planimetric position (X, Y) throughout
all the profiles of maximum slopes of the digital elevation model
(DEM) of 2009. To do so, we interpolated the actual field data from
2009 to 2023 and used them to form a sample of curves, which
are interpreted as the realization of a functional random variable
that can be predicted using statistical techniques. The predictive
curve obtained was compared with the 2024 field data. The results
of both coordinates (Z), the actual field data, and the statistical data
are coherent within the margin of error of the data collection. The
observations and calculations of the two debris cones were treated
independently, but both showed the same behaviour. In this way,
the present study demonstrates the goodness of some statistical
techniques for the functional analysis of data that allow predicting
displacement curves by adjusting the model to the sample of move-
ment curves from previous years.

Keywords Picos de Europa - Debris cones - Terrestrial laser
scanning - Mathematical modelling

Introduction

In temperate highlands, among the quickest mechanisms of sedi-
ment transference are taluses and debris cones, which are highly
prevalent slope formations. The materials originate from walls
due to weathering and channels, and the processes involved vary
greatly. While rockfalls, snow avalanches and debris flows are the
primary processes in the debris dynamic, surface processes such
as creep, rolling, solifluction, physical and chemical weathering,
and surface runoff are also present (Kotarba et al. 1979; Selby 1982;
Gardner 1983; Luckman 1988). The dynamics of debris cones and
active taluses are currently interpreted in the context of paraglacial
settings that support rockfalls, mass displacements, and debris talus
changes (Ballantyne 2002).

Channels and walls are the sources of debris, creating a cas-
cading sedimentary system (Schrott and Adams 2002; Otto et al.
2009). The processes involved are nivation, debris flows, solifluc-
tion, or gelifluction, plant colonization, trampling by animals, and
anthropogenic intervention, such as paths and infrastructure,
which all contribute alterations with high spatial and temporal
variability (Becht et al. 2005; Reynard et al. 2012). The potential
of remote methods, such as terrestrial laser scanning (TLS) and
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photogrammetry with unmanned aerial vehicles (UAV), is widely
recognized for the study of debris flow, debris talus, and cone vol-
umes in numerous temperate mountains (Sass and Krautblatter
2007; Papa et al. 2016; Serrano et al. 2019).

The post-depositional processes, which configure the stratified
structure through nivation and debris flows, were identified using
theoretical models (Hétu and Vandelac 1989; Hétu 1990). Math-
ematical formulation has been used to analyse the dynamic rela-
tionships among walls, taluses, and processes (Carson 1977; Bithell
etal.2014). A discrete element model that searches the dynamic of
each particle after its fall has been created based on the evolution
of the slope of the taluses (Bithell et al. 2014).

The aim of this paper is to study and predict the temporal evo-
lution of the behaviour of debris cones, broadening knowledge
of spatial and temporal changes. The techniques introduced in
recent years for the prediction and analysis of functional data are
considered to be suitable. These techniques respect the continu-
ous nature of the phenomenon, unlike the statistical techniques
applied to multivariant data, in which the data sample that was
previously made up of vectors (de Sanjosé-Blasco et al. 2020) now
consists of curves (Bosq 2000; Ramsay and Silverman 2005; Mas
and Pumo 2009).

Study area

The central massif of the Picos de Europa (Fig. 1) reaches an altitude
of 2648 m above sea level (m a.s.l.), and the proximity of the sea
gives it an oceanic climate defined by intense snowfall and pre-
cipitation, which surpasses 2500 mm-a™" at the summits. The relief
of the Picos de Europa is characterized by its geological structure,
karst, and glacial morphogenic systems. The high mountain envi-
ronment is today dominated by nival and periglacial processes.
The investigation of periglacial processes in the Picos de Europa
has focused on the distribution of active landforms and processes,
including patterned grounds, ice mounds, solifluction lobes,
ploughing blocks or ice patches (Gonzdlez-Trueba 2007), taluses,
and debris cones (Gonzdlez-Trueba and Serrano 2010; Serrano and
Gonzélez-Trueba 2010; Serrano et al. 2011), as well as the potential
presence of mountain permafrost (Pisabarro et al. 2017).

The Pefia Vieja Group (2614 m a.s.L.) is in the central massif and
is made up of overlying thrusts to the south divided by fractures
(Farias 1982) that generate a succession of dorsal ramps with a dip
of the materials towards the north. The thrust’s front produces
abrupt south-pointing scarps. From Pefia Vieja (2614 m a.s.l.) to
the peak Tesorero (2570 m a.s.l.) (Fig. 1), the entire set rises more
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Fig. 1 Location of the study area and debris cones: A Cantabrian Mountains in the north of Iberian Peninsula. B Location of the Picos de
Europa massifs. C The Central Massif of Picos de Europa and location of debris cones on the south face of Pefia Vieja

than 400 m above the surrounding materials, creating a continuous
scarp to 2300 m a.s.l.

The annual air medium temperature (AAMT) around the debris
cones is of 3.6 °C at Verénica Hutte (2325 m a.s.l. and 1700 m far
from the debris cone), and 6 °C at the Cable Car (1823 m a.s.l. and
1800 m far from the debris cone). Annual medium precipitation is
around 608.05 mm a~' (2009-2014 at 1800 m a.s.l.) and 2636 mm
a”' (2008-2015 at 2325 m a.s.l.), typical of a high mountain Atlantic
climate. The thermal regime shows a large difference between the
ground and the air (Pisabarro et al. 2017; Serrano et al. 2019) with
an AAMT around 2.4 °C higher in the lower part of the cones than
in the upper areas. The snow cover is very important for the ground
thermal regime, and only in the years with a thin or short-lasting
snow cover did ground temperatures reach —1 °C/—2 °C (Pisa-
barro et al. 2017). The duration of the snow cover is highly variable,
between two and seven months. The high variability of the snow
cover and the moderate temperatures implies the existence of melt
processes and water flow on the snow surface during the winter and
spring periods. Slab avalanches lead to snow over-accumulation
and a late melt in the lower parts of the debris cones. The implica-
tions for the water availability and ground thermal regime are very
important. The freeze and frost shattering affects the walls, which
remained free of snow in all years, whereas on the debris cones, this
was minimal due to the low altitude and snow protection. Thus,
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cryogenic processes have a very modest presence in the analysed
debris cones.

A wide representation of landforms includes inherited and
active ones. Inactive landforms that have formed in a paraglacial
climate over the past 12,000 years include layered debris, solifluc-
tion lobes, and rock glaciers (Serrano and Gonzélez-Trueba 2004;
Gonzélez-Trueba 2007; Serrano et al. 2012). Debris taluses and
debris cones are active and semi-active landforms located between
1200 m a.s.l.and 2600 m a.s.l. and are all active above 2000 m a.s.1.
(Gonzélez-Trueba 2007; Serrano and Gonzalez-Trueba 2004; Ser-
rano et al. 2019). The material brought on the slopes came from
the walls, where the weathering related to periglacial and thermal
processes as well as the tectonic weaknesses generate rockfalls
towards the narrow and steep channels where debris are trans-
ported towards the cone.

On the debris cone surfaces, there are four dominant surface
processes. The main ones are metric to decametric debris lobes
and block streams. Debris flow, characterized by depth channels of
between 1 and 3 m, is the faster and more efficient debris transfer
systems moving sediments from the proximal to the distal parts.
The proximal part is characterized by small debris flow chan-
nels and scattered boulders with finer debris (Serrano et al. 2019).
Debris flow activity has been detected twice during the last 14 years
(2011 and 2013).



Two important processes of redistribution of materials on the
surface of the cones are slide and creep. Rockfalls also generate
boulders scattered throughout the cones by rolling and creeping,
although the sliding fabric indicates both sliding over a seasonal
snow cover and creeping. The boulders are mainly falling and roll-
ing boulders that have come to rest at the edge of the cones, but
sliding fabric is also common. The central part is dominated by
metric sized debris lobes with scattered boulders and depth debris
flow channels sometimes depositing debris fan. The distal part is
the most complex. The debris fans boulders and finer debris are
scattered with sliding fabric and flow movement.

Methodology

Data collection by TLS

In the area of La Vueltona (Picos de Europa), two debris cones
were chosen to associate with the morpho structural conditions
that were favoured by the presence of a wall of over 400 m with the
unstable materials and with morphoclimatic conditions driving
the gravitational, cryogenic, or nival processes to different altitudes
(Fig. 2).

The terrestrial laser scanning (TLS) geomatic approach was
followed continuously every August for 16 years (2009-2024) in
order to analyse the debris cones’ surface alterations and dynamic
changes. The tool used was the ‘Image Station’ (Topcon) total sta-
tion, which can scan over 1000 m with a positional inaccuracy
of 2 cm from the point measured. A 3 X 3-m measuring grid was
created from the scanning base for the two debris cones, and
a 40 X 40-cm grid was created for the debris flow channel that
grooved the left side of cone B. Although the computations were
handled separately, the origin was the same for both cones despite
using a local coordinate system.

The digital elevation model (DEM), which is based on a trian-
gulated irregular network (TIN) and permits for the calculation of
annual spatial fluctuations in volume, was created from the grid of
points. Furthermore, six maximum slope profiles were created (in
2009) for each debris cone to understand their dynamic behaviour.
The rock material that fell from the walls surrounding the debris
cones follows the path of a maximum slope line, which is why these
profiles were selected.

The cone material was no larger than 30 cm, except cone B,
which had blocked in the distal portion of over a meter in size.

Mathematical modelling

The values of the profiles for 2024 were predicted using data gath-
ered from the debris cones every year from 2009 to 2023 (Table 1).
It was taken into consideration for these computations that, even
though the data from prior years are made up of a discrete set of
numbers, they actually belong to the annual curves that show how
a continuous process evolves. The methods developed in recent
years are considered appropriate for the analysis and prediction of
functional data due to the nature of the phenomenon (Bosq 2000;
Ramsay 2005; Mas and Pumo 2009). These techniques respect the
continuous nature of the phenomenon as opposed to the statistical
techniques applied to multivariate data.

The difference between functional data prediction and statistical
techniques applied to multivariate data lies primarily in the nature
of the data being analyzed and how they are represented:

e In the case of multivariate data, these are observations repre-
sented as vectors of variables. Each observation is a point in a
finite space (R").

e In the case of functional data, observations are functions,
curves, or continuous trajectories. Statistical tools must be
adapted to handle functions, not vectors.

For the predictive analysis performed in this article, an auto-
regressive model of the first order, developed by Bosq (2000), was
applied as provided by the following equation:

Xn+1 = lP(‘Xn) + £n+1 (1)

where the error ¢, and observations X, are curves,and ¥ is a linear
operator that transforms one curve into another. An estimator g
of operator ¥ will be obtained, fitted by applying the historical
series of the functional sample £X1’Xz’ ,Xn}, and will provide
the prediction of X,,, as X,,,, = ¥(X,,).

The functional operator ¥ acting on a curve X is considered to
be an integral operator:

Fig.2 Photograph of Cone A and Cone B including terrestrial laser scanning (TLS) station. The source area of debris cone material is the

weathered and tectonically weakened limestone walls
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Table 1 Dynamic between points 21 and 30 of profile 4 of cone A for the period 2009-2024
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2624.504 2624.481 2624.389 2624.273 2624.366 2624.162  2623.844 2623.796 2624.390 2624.367 2624.213  2624.399 2624.478 2624.269 2603.125

2624.125

21

2623.791  2623.738  2623.668 2623.572  2623.647 2623.442 2623.175 2623.135 2623.670  2623.655 2623.506  2623.702 2623.760 2623.545 2601.406

2623.406

22

2623.077  2623.017  2622.947 2622.866 2622.928 2622.723  2622.507 2622.474  2622.949 2622.943 2622.800 2622.987 2623.042 2622.821  2599.687

2622.687

23

2622.355  2622.296 2622.226  2622.160  2622.208 2622.005 2621.840 2621.813  2622.228  2622.231 2622.100 2622.272  2622.323  2622.097  2597.967

2621.967
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2620.181  2620.127 2620.059 2620.048 2620.045 2619.982 2619.853 2619.835 2620.064 2620.094 2620.021 2620.125 2620.161 2619.926  2592.852

2619.852

27

2619.458  2619.413  2619.337  2619.346  2619.324 2619.276  2619.195 2619.177  2619.349  2619.381 2619.328  2619.409 2619.440 2619.241  2591.161

2619.161

28

2618.735 2618.703 2618.627 2618.645 2618.603 2618.590 2618.538 2618.520 2618.639  2618.670 2618.635 2618.694 2618.718  2618.554  2589.471

2618.471

29

2618.013 2617.993  2617.920  2617.957 2617.882  2617.905 2617.881  2617.863 2617.929  2617.958 2617.941 2617.978  2617.997  2617.852 2587.780

2617.780

30

1
‘P(X)(t):/ y(t,$)X(s)ds (2)
0

in which y(t, s) is the kernel of the operator ¥, being s the integra-
tion variable.

The predictive methods in the literature differ in their choice
of the operator kernel estimate (%, s). After several initial com-
parisons using different kernel estimators, the EK developed in
Section 2 of Didericksen et al. (2011) was chosen, which gives very
good results.

In Sanjosé-Blasco et al. (2020), following several initial compari-
sons using different estimators of the kernel, the estimated kernel
(EK) was chosen, developed in Section 2 of Didericksen et al. (2011),
as it was the one that provided the best sample of estimates of those
applying classical methods. In Section 4 of this article, an improved
estimate is developed as an alternative to estimate the kernel, called
the estimated kernel improved (EKI), which as has already been
confirmed, makes worse estimates than EK in the specific case of
our study.

For these reasons, the present study compares the prediction
obtained using the estimate of the kernel used (EK) in Sanjosé-
Blasco et al. (2020) with a variant of EKI (called VEKI), which was
developed by the authors of this article, which provides better pre-
dictive results than EK or EKI.

As described by Didericksen et al. (2011), in EK, the use of
estimates of autovalues of the main functional components of
observations X, is proposed, ordered from larger to smaller
{a, b, c}.In the estimate, EKI was proposed to substitute {4, b, c} for
{a,b,c+1.5(a+ b)}.

The novelty put forward by the authors of this article is to use
a variant of EKI, called VEKI, in which in most cases (in 17 of the
18 errors calculated), better results are obtained than when using
EKI, used in Sanjosé-Blasco et al. (2020). The variant VEKI con-
sists of substituting the estimates of the autovalues {a, b, ¢} for {a,
b+15(a+Db),c+1.5(a+b)} and later re-ordering these values from
greater to smaller.

Results

In order to obtain the estimates of the kernel Y(¢,s), which deter-
mine the methods previously mentioned, some changes must be
made in the original available sample.

In this particular problem, the initial data sample measured
in metres comprises discrete values obtained annually from 2009
to 2023. The values corresponding to each of these years are uni-
formly distributed within the interval [0,1] and are interpolated by
splines to form 15 curves that give rise to up the functional sample
{C),....Cis}-

Work is performed on the differences in the curves of two con-
secutive years and with a centred sample. In order to do so, the
mean functional sample is subtracted from the difference between
two consecutive curves.

In this way, once the initial sample has been dealt with, work
begins with a functional sample of 14 curves {Xl, ,XM} with
X, =(Cy,—C)- ﬁ Z]l:l (Cjy1 — C,andi = 1,...,14. The curves
are defined within the interval [0,1] and return values in metres.

Once the estimator of the kernel of the operator is done (¢, s),
calculated following the steps described in the aforementioned
study (Didericksen et al. (2011) but using the modification of that



of the variant VEKI mentioned earlier, we obtain the estimate of
operator P(X). Therefore, the prediction X, can be obtained as
given by X5 = ¥(X,,).

This methodology may be applied to any of the profiles from
which data have been collected (Fig. 3). In our case, once the data
have been used as described in the previous paragraph, work begins
with six samples from 14 curves,{X,, ..., X, },in which each sample
corresponds to each of the six profiles denoted for cone A: A2,A3,
A4, and for cone B: B3, B4, Bs (in order of appearance in Fig. 3).

As previously mentioned, the prediction X, selected was
obtained using the method VEKI (a variant of the classical method
of EKI) in each of the six profiles, and shown in red, together with
the sample in Fig. 4.

If a X,, is added to the functional mean ﬁ Z}:l (Ciyy — G it
provides the prediction of the difference between 2024 and 2023,

and therefore, adding in the data from 2023, the prediction of the
curve in 2024 can be obtained, as denoted by C,, and we can thus
estimate the discrete values of 2024.

Parallel with these calculations, the field data for 2024 were
obtained. Figure 5 shows the difference between the graph of inter-
polated data from the prediction obtained using the method VEKI
for the year 2024 and the graph of the real interpolated data of 2024
in each of the six profiles.

Discussion

The prediction for 2024, by means of mathematical procedures
using the annual data from the period 2009-2023 and the field
measurement of 2024, reveals the difference between the predic-
tive curve and that measured.

0.4

A2

N
\

A

RS

A/

0.8 /

XA o.
\\ 0/'?'%6”«'

&S

-2.0

-3.0

X\
N R
Ao:*\'rl}v V2 V)
NI 04 IINF 0o o

B4

o
o
%%P
N
=)
»
o
=)
=3
©
-
o

N\

-1.0 \V
15 -

Fig.3 Sample obtained for the six profiles: Cone A (A2, A3, A4) and Cone B (B3, B4, B5), in which each graph shows the 14 curves of each of
the six profiles, processed from the data, defined in the interval [0,1] and returning values in metres
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Fig.4 Representation of the prediction obtained using VEKI and the sample. The prediction of using the VEKI method is shown in red, added

to the graphics of Fig. 3 previously described

There are different measurements of error between the curve
obtained by prediction and the reality. The commonest ones are
the functional root-mean-squared error (E1) (Table 2), functional
mean absolute error (E2) (Table 3), and mean absolute error (E3)
(Table 4). The following three tables show these three types of error
in metres between the prediction using the method VEKI and the
real values for 2024 in the six profiles studied. In Tables 2, 3, and
4, the errors are shown for the profiles of maximum slope of cone
A (A2,A3,A4) and those of maximum slope of cone B (B3, B4, Bs).

Table 5 shows the comparison of errors committed using the
methods EK and VEKI for the profiles studied. VEKI is observed
to show that the errors defined in almost all cases are smaller (17
from 18), except in E1 (B4) of VEKI. In this way, it is possible to
affirm that the variant proposed in this study, that is to say, the
VEKI method, represents an improvement to the predictive method

\ Landslides

of the dynamic of debris cones under study compared with the EK
method used in Sanjosé-Blasco et al. (2020). The errors obtained in
profiles B3, B4, and Bs of cone B are greater than those obtained in
profiles A2, A3,and A4 of cone A. This is due to the fact that debris
cone B is made up of stones (at its base) of greater size (up to 1 m),
as can be seen in Fig. 2.

Conclusions

Terrestrial laser scanning technology (TLS) has shown a high level
of efficiency in accurately tracking short- and medium-term trends
in surface movement, as well as yearly surface changes. The deep
understanding of sediment transference mechanisms in mountain
slope systems is made easier by the use of this method. Data on
yearly topographic changes and the movement of sediments from
the walls to the cones in a cascade sediment system were obtained
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Table 2 (E1) The mean functional quadratic error obtained with VEKI for each of the six profiles

A2= oo (1) - (1))’ dt = 0.064936 m
A4 = # V(@) - g()2dt = 0112422 m

B # / :51(f(t) — g(t))*dt = 0.065963 m
- 2+4o f4°(f(t) —g(t))*dt =0.102151 m

B4=-1+// 20f(t) - g(1))*dt = 0357781 m

B5 = 55 () — g(t)*dt = 0347853 m

during independent TLS data collection from two debris cones in
the temperate high mountain (Picos de Europa, Spain).

The debris cone shows a changing profile with undulating flow
in the distal portion, dominated by slide, flow, and mass wasting. In

the middle and upper positions, the solifluction, creeping, and roll-
ing are the dominant processes. The profile is stable, indicating the
permanence of the spatial organization of processes over 14 years
of geomatic monitoring.
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Table 3 (E2) Integral mean of the difference obtained using VEKI in each of the six profiles

A2 = ﬁ 14°|f(t) — g(t)|dt = 0.498901 m
A4 =L/ [7If(t) - g(t))dt = 0.088823 m

A3 = L/ /1) - g(ldt = 0.047269 m
= io f‘mlf(t) —g(t)|dt = 0.146601 m

B4 = -1/ [7If(t) — g()|dt = 0268516 m

B5 = =11/ /7 If(t) — g()|dt = 0.285833 m

Table 4 (E3) Mean discrete error obtained in each of the six profiles using VEKI

A2 = — 31" |Real; — Prediction;| = 0.050066 m A3 = L 3% |Real; — Prediction;| = 0.047734 m
A4 = L 37" |Real; - Prediction;| = 0.092022 m B3 = o= 37" |Real, — Prediction;| = 0.102355 m
B4 = -= ¥°° |Real, — Prediction,| = 0.270864 m B5 = -— ¥'2°° |Real; — Prediction,| = 0.288108 m

250 &1

~ 250 ~1

Table 5 Errors in metres in the prediction of the curve of 2024 in the 6 profiles using methods EK and VEKI

EK (A2) VEKI (A2) EK (A3) VEKI (A3) EK (A4) VEKI (A4)
E1 0.065352 0.064936 E1 0.069728 0.065962 E1l 0.137439 0.112422
E2 0.050037 0.049890 E2 0.051526 0.047269 E2 0.101142 0.088823
E3 0.050181 0.050066 E3 0.052421 0.047734 E3 0.104096 0.092022

EK (B3) VEKI (B3) EK (B4) VEKI (B4) EK (B5) VEKI (B5)
E1 0.105618 0.102151 E1 0.339792 0.357781 E1 0.396373 0.347853
E2 0.148736 0.146601 E2 0.270313 0.268516 E2 0.341565 0.285833
E3 0.105778 0.102355 E3 0.272484 0.270864 E3 0.344410 0.288108

This study’s TLS accuracy was =2 cm for every measurement
site. In the DEMs, scanning the same cone twice on the same day
resulted in generation discrepancies of less than 10 cm. Only a few
isolated instances showed variances of 15 cm or less, which corre-
sponded to the size of the clasts. Blocks longer than 1 m were found
in Cone B’s distal region, and the variances between the two DEMs
created on the same day were more than 15 cm and nearly 1 m.

In order to forecast the evolution of the debris cones, functional
data analysis approaches are used in conjunction with the debris
cone study. The yearly data are values that are part of the curves
or annual values that define the debris cones, even if they are gath-
ered from a discrete data collection. The analysis and prediction
of functional data are two statistical techniques that have emerged
in recent years that respect the continuous nature of occurrences
of this type.

In Section 3.2, functional data have been applied to represent
and analyse the field data necessary for the study of debris cone
dynamic. In spite of the fact that the annual data collected is a
discrete set, it can be seen that the points on the curves trace these
cones. In recent years, statistical techniques have been developed in
the name of functional data analysis, which respect the continuous
nature of this kind of natural phenomenon.
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The present study used some of these techniques to predict the
displacement curves of 2024 by fitting the model to the sample of
curves of such movement in previous years. Moreover, while the
work developed, the real values corresponding to the curves of 2024
were measured. Thanks to these three different measurements of
error in the prediction of the curve and the real curve have been
possible, and very good results have been obtained using VEKI, a
novel variant proposed by the authors of this study that improved
prediction in 17 of the 18 predictions made compared with the EK
method, which was used in Sanjosé-Blasco et al. (2020).

Finally, it is worth mentioning that the measurement of Eulerian
displacements along with the predictive methods applied in this
paper can lead to a realistic prediction of the deformation process
of the debris cones, which is essentially governed by Lagrangian
displacements.
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