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SECTION 6: DETAILED REPORT, RELATED TO
OVERALL PROJECT DURATION

Section 6.1. Background

The Centrd Spanish Pyrenees have been intensvey <udied by the
Depatment of Soil Eroson and Land Use Changes of the Pyrenean Inditute of
Ecology. One of the main topics sudied were the spatia distribution of geomorphic
processes and the assessment of sediment ddivery areas. A regiond study in 1982
underlained the great importance of debris flows in the entire upper Aragdn and
Gdlego vadleys especidly within the Fysch Sector. These debris flows affected
many hilldopes and were the responsible for the development of most of dluvid fans.
From time to time, during infrequent raingtorms, they affected roads and other
infrastructures and were conddered as one of the main processes supplying coarse
debris to the fluvid network, partly defined as torrentid, with very ingtable braided
channels, Pogterior studies confirmed the importance of debris flows for landscape
and fluvid evolution and that debris flows are a rdatively common geomorphic
phenomenon in the Central Pyrenees, occurring even with rainstorms corresponding
to low return periods.

Surprisngly, few atempts have been made in the Pyrenees and, in generd, in
Spain, to assess the debris flow hazard and to relate debris flows to channd
morphology and sediment trangport. In addition, little information exists about debris
flow periodicity and the relationships between different intendties of precipitation and
debris flow occurrence. The participation of the Depatment of Soil Eroson and Land



Use Changes of the Pyrenean Inditute of Ecology within the DAMOCLES Project
has been focused on these topics trying ultimatey of peforming a debris flow
susceptibility map and the corresponding hazard map.

This dudy is focused on unconfined debris flows, that differ greatly of
confined debris flows by the characterigics of the channd and sedimentation area.
Confined debris flows develop within incised channdls that can occasondly become
torrents or avadanche channds. Unconfined debris flows occur in previoudy non
incised hilldopes, typicdly triggered on dopes with abundant non-consolidated
sediments, steep gradients and scarce plant cover (Brunsden, 1979). Scars develop a
the rupture area a shdlow landdide that evolves into a debris flow (Bathurst et al.,
1997), and a tongue with laterd levees ending in a fronta lobe with imbricated, non
sorted clasts (Varnes, 1978; Rapp & Nyberg, 1981; Johnson & Rodine, 1984).

Section 6.2. Scientific/tecnological and socio-economic
objectives

These have been the mogt relevant scientific and socio-economic objectives of
the IPE's group, included in workpackages 1, 4 and 5, for the entire study period
(2000-2003):

(i) To assess the gpatid didribution of debris flows in the Centrd Spanish
Pyrenees.

(i) To identify and rank the environmentad and marinduced factors that
explain the spatid distribution of debris flows.

(iif) To andyse the information on different debris flow parameters in order to
edablish datidicd reaionships between them. This information is especidly relevant
for moddling the debris flow hazard.

(iv) To get information on the periodicity of debris flows in the sudy area in
relaion to the occurrence and spatid didribution of rainstorms corresponding to
different return periods. In addition, the occurrence of debris flows within the context
of most common equations caculated to relate debris flow triggering and the rainfall
intengty-duration has been anaysed.

(v) To develop a logistic modd to accurately forecast not only the areas where
debris flow scars will occur, but especidly the areas affected by debris flow tongues
and runouts.



(vi) To compare both the methods used by the Itdian and Spanish groups and
the debris flow characteristicsin the Pyrenees and in the Alps.

(vii) To disseminate the results obtained among the end-users and by means of
publications and participation in conferences and meetings.

To summarize, the objectives of the IPE's participation have been closdy
related to the spatid didribution of debris flows, ther periodicity, thes reaionships

with intense precipitations and their moddling usng past evidences of debris flows,
GI S procedures and field work.

Section 6.3. Applied methodology, scientific achievements and

main deliver ables

6.3.1. Main characteristics of the study area

The upper basns of the Aragon and Gdlego rivers in the Centrd Spanish
Pyrenees occupy 1,727 kn?. The highest dtitudes surpass 3000 m and much of the
aea is above 2000 m, with grong dtitudina contrasts between divides and valey
bottoms.

The geologica dructure runs in pardld bands from west-northwest to east-
southeast, whereas the main fluvia network runs from north to south. Four of these
bands run through the study area (Garcia-Ruiz et al., 1990):

i) The axid or pdeozoic aea with granitic massfs and massve, intengvey
folded date and limestone outcrops, resulting in avery contrasted rlief.

ii) The Inner Ranges correspond to an overthrusting anticline composed of
Cretaceous and Pdeocene limestone and sandstone. The relief is very rough, with
veticd diffs and kargtified areas.

iii) The Eocene Fysch Sector (867 kn?) has thin beds of calcareous sandstone
and mals. The gradients are smoother and homogeneous, in spite of intense
tectonization, including complex faults and folds. The divides reach 2200 m asl.

iv) The Inner Depresson is composed of Eocene marls, forming a large vdley
from west to east. Mogt of the landscape is occupied by fluvid terraces and short
pediments (glacis).

Precipitation increases toward the north dong the dtitudind gradient, and to
the west due to the Atlantic influence. A Mediterranean climate prevals toward the
south and east. The mean annua precipitation in the study area exceeds 800 mm,
increasing to 2000 mm above 2000 m (Garcia-Ruiz et al., 1985). The wet season
ranges from October to May, with very little rain in January and February. The whole
areais occasondly subject to very intense rainstorms (Garcia-Ruiz et al., 2000).



Human disturbance is intense below 1600 m. In the Hysch Sector most sunny
hilldopes have been cultivated (even stegp sections) usng shifting agriculture systems
(Lasanta, 1989). OId fiedlds outsde the Inner Depresson are often abandoned and
subdtituted by dense shrubland (Molinillo et al., 1997) and reforested pines. Crops
and meadows only persst in the valey bottoms. Above 1600 m, the landscape is
dominated by dense forests and subdpine and dpine grasdands. Periglacia activity
above 2400 m explains the scarcity of plant cover.

6.3.2. The spatial distribution of debris flows

Approximately 88 % (851 cases) of the debris flows were in the Flysch Sector,
dthough flysch only represents 42 % of the sudy area. Other lithologies (58 %)
accounted for 11.5 % of the flows. Thus, most of the statistica analyss was focused
on the Flysch Sector, that contains an average of 1 case/kn?, especidly near the Inner
Depression. There, the flysch is affected by many faults and folds, and especidly a
long overthrusting fault that encouraged the triggering of old dumps, in whose scars
meany debris flows are located.

The database was divided into cdls with or without debris flows in order to
evauate Sgnificant differences For nomind variables we peformed a test of the
difference between proportions, based on the c2 distribution for a two by two ble. A
Mann-Whitney test was used to anadyse continuous variables. Debris flows (from both
the whole study area and the Flysch Sector) were classfied into groups by a
conglomerate andyss (clugter, k-means) and a discriminant anadlyss to define the
main triggering factors.

Debris flows are often triggered in a colluvium mantle derived from srrongly
tectonicdly modified meterias (i.e, Lin et al., 2000). This is why debris flow scars
are abundant in the southern part of the Flysch Sector, where marls of the Inner
Depresson make contact via a long overthrusting fault, fractures and related dumps
(Marti-Bono et al., 1997).

The rest of the factors were closdly related to important human disturbance on
the hilldopes, especidly in:

i) southern aspects, which are the mos favourable for farming in the Centra
Spanish Pyrenees in order to counteract the short growing season (Lasanta, 1989).

ii) dtitudes between 1000 and 1400 m asl., with doping fidds and where
shifting agriculture was mogt intensvely practised (Lasanta, 1989);

iii) scrubland and reforested pines, coinciding with eroded areas after centuries
of humaninduced fires and overgrazing. Most reforested areas were previoudy
affected by intense soil erodon and severe degradation (high soil stoniness, open
shrub cover) (Ortigosa et al., 1990). Some debris flows are dso triggered on hilldopes



covered by naturd forests (especidly pine, as was pointed out by Caine and Swanson,
1989), but these are rare in the Spanish Pyrenees compared to deforested areas.

iv) hilldopes covered by doping fieds or previoudy subject to shifting
agriculture with few manrmade dructures for soil conservation. Soping fields were
once the response to a higher population densty, giving rise to increased deforestation
and farming of sunny hilldopes.

6.3.3. Debris flows frequency

The ljuez catchment (54.6 kn¥) has been sdected for a detailed assessment of
the recurrence of debris flows. A sequentia cartography of debris flows has been
made, usng the agrid photographs of 1956, 1977 and 1990. The map of debris flows
has been completed in 2001 by afield recognition of debris flows.

Fig. 1 shows (black dots) the cumulative number of debris flows observed in
different moments. A linear dispostion of the dots can be cealy seen, and
demondrated by the high coefficient of determinaion of the adjusted line (2 =
0.997). The high linear trend on the occurrence of debris flows demondrates that, far
from being a rare phenomena, the triggering of shdlow landdides in the area is a
relaively common and congtant process in the ljuez catchment (and, most probably,
in the Flysch Sector of the Spanish Pyrenees). The dightly lower than expected
number of debris flows mapped in 2001 can be attributed to the change in the
methodology, as fidd recognition mapping is less exhaudive than aerid photo
andysis. The mean rate of occurrence is 3.4 debris flows per year, what makes a
relative value of 0.06 debris flows knr2 yr-1,

No information exigts in the area about the exact timing of the different debris
flows, s0 to relate them to specific events is a hard and very uncertain task. Fig. 4 dso
presents information on the series of annud maximum precipitetion recorded in the
ljuez cachment (‘Bescos de la Garcipollera weather dation). Snowmdt is a very
margind runoff producer process in the area, S0 rainfal is likely to be the main cause
for shdlow landdiding. The series of extreme events does not show any trend in the
period 1955-1999. Rainfadls exceeding 45-50 mm in one day are reativey frequent,
the absolute maximum recorded being 825 mm. Conddering the high regularity in
the occurrence of debris flows, even during the last and shortest sampling period
(1990-2001), it can be concluded that the triggering of shdlow landdides in the ljuez
Vdley is rdaed to reatively frequent intense precipitations, having a recurrence of
no more than 2 to 5 years The corresponding quantiles, caculated using the
Generdized Pareto didribution and probability weighted moments for parameter
estimation, are 36.8 and 46.6 mm, respectively.
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Figure 1. Cumulative number of debris flowsin the Garcipolleravaley,
and annual maximum precipitation series at Bescos gation

This leads naturdly to the question of the exigence of rainfal thresholds for
the triggering of debris flows. The hypothess of the existence of a critica depth /
duration has been investigated by many authors, and severd empiricd thresholds have
been proposed. Fig. 2 shows the threshold curves proposed by Caine (1980) and Innes
(1983), dong with empiricd data from the ljuez Vdley. These empirical data are
shown both as the observed annud maximums (black dots) and the adjusted depth /
duration / recurrence curves (black lines). The observed extreme rainfdls are located
ggnificantly beow the Cane limiting curve. that corresponds to precipitations of 200
to 500 years recurrence in the area. The curve from Innes is much more rdiable. The
esdimated return period for ranfdl events triggering landdides in the ljuez Vdley (2-
5 years) is not very far from the Innes threshold curve. This Stuates the ljuez Valey
among the most susceptible areas for debris flows reported in the literature.



500

400

300 A

200 1

100
90 4
80
70
60

50

Depth (mm)

40 1

30 1

20 1

10

3 4 5 6

[u
N
~

Duration (days)

=== Threshold curves for debris flow by different authors
® Observed events, Bescos de Garcipollera
Estimated return period, Bescds de Garcipollera

Figure 2. Precipitation depth / duration / recurrence curves and observed extreme
events at Bescos station, 1955-1999, and theoretical debris flow triggering threshold
curves by different authors

6.3.4. Regional modelling of extreme rainfalls

The methodology of the index flood method (Darymple, 1960) has been used
to obtain a cartography of the probability of extreme rainfdl events in the study area.
The index flood method is a regiond derivation of locd frequency andyss of
extreme events. The regiond approach is based on the assumption of the smilarity of
the extreme didribution's shape parameter between dimatic dations belonging to a
given hydro-climatic region. Data coming from the different Sations can then be used
conjointly to estimate the shape parameter, reducing the great uncertainty involved in
its estimation (Cunnane, 1988; GREHY S, 1996).

The partid duration series (PDS, dso known as pesks over threshold)
procedure has been used for extracting the extreme events series from the 37 origind
daily precipitation series. PDS series are condructed including dl the records



exceeding a given threshold leve X, independently of their time of occurrence. Thus,
the length of the seriesis variable, depending on this value,

Fig. 3. Digribution of the 24-hour maximum precipitation corresponding to a
return period of 100 years (mm).

Four different maps have been produced, showing the digribution of the
maximum expected daily precipitation in the study area for a return period of 1, 5, 25
and 100 years (Fig. 3). The results obtained show a rdatively close rdationship
between the didtribution of extreme precipitacions and the characteristics of the relief.
Thus, the lowest values are recorded close to the Yesa Reservoir and in the Inner
Depresson. The maximum vaues grow dowly throughout the Hysch Sector,
following a SW-NE gradient, due, on the one hand, to the effect of the relief, and on
the other hand to the effect of a decreasing oceanic influence.

The vaues of estimated extreme reainfadls for a 100 years return period can be
considered as moderate if compared with the vaues published by other authors for the
Spanish Mediterranean coast. Thus, in the Centrd Pyrenees, 180 mm have been
cdculated a more than 2500 m asl., whereas in the Vaencian coast more than 400
mm have been esimated. In fact, a vaue of 180 mm corresponds to a period lower
than 5 yearsin mogt of the Mediterranean coast.

6.3.5. Debris flow relationships

Two basc problems when studying landdide hazards are predicting whether
the landdide materia arives directly to the fluvid sysem (and in what percentage it
is delivered) and whether it affects infrastructures or human settlements. Thus, two
lines of work are necessary to solve both questions: i) a debris flow susceptibility map
incuding the areas with the highest probability of debris flow occurrence (Guzzetti et



al.,, 1999), and ii) the assessment of rdationships between different debris flow
parameters to predict the distance travelled by the deposit according to the gradient
dong the hilldope and the volume of sediment (Scheidegger, 1973; Burton et al.,
1998).

Ninety-eight debris flows were sdected in the most geomorphologicdly active
aress of the Hysch Sector, close to the contact with the marls of the Inner Depression
(ljuez and Acumuer vdleys and southern aspects between Jaca and Sabifianigo). The
variables measured have been included in Fig 3.

The depostion of the sediment carried by the debris flows dtarted at 17.8°,
much higher than other reports. Bathurst et al. (1997) find that depostion begins once
the dope fdls below 610°, Ikeya (1981) suggests that deposition should begin at 10°,
and Fannin & Rollerson (1993) conclude that the mean dope angle of the depositiond
area is 513° for debris flows deposited on fans of the Queen Charlotte Idands, British
Columbia A range of 10-12° is reported by Hungr et al. (1984) for debris flow
sedimentation in the south coastd region of British Columbia It is unclear why
sedimentation begins a Steeper dopes in the Flysch Sector.  Further andyss is
needed to as=ss the role of the volume of sediment involved as wdl as
microtopography and vegetation. In any case, one reason for such difference could be
that this study deals only with unconfined debris flows.

The a vaue in Vandres formula (1985) was 0.6. Thus, the runout distance
represents 60% of the difference in height between the debris flow scar and the point
at which sedimentation starts which islonger than the 0.4 in Vandre (1985).

Finaly, good corrdations were obtained between different parameters. Specid
atention must be pad to the relaion between sediment volume and runout distance,
as in other experimenta or smulated studies (Scheidegger, 1973; Benda & Cundy,
1990; Okuraet al., 2000).

6.3.6. Landslide hazard mapping by multivariate statistics

The vaiables entered in the modd come from very different sources. A
detailed digital elevation modd (DEM) was congtructed a a resolution of 10 m, from
topographic maps at 1:10 000 scale. Severa morphologica variables were derived
from the DEM: dope, aspect, planform and profile curvature, upstream dope length,
contributing area and the topographic index. Severd variables were log or power
trandformed to better adjust to a normd distribution. Other vaiables, referring manly
to the vegetaion cover, were obtaned from a Landsat TM summer image the
normaized difference vegetation index (NDVI), and the three firs components of the



tassdled cap trandformation (namely brightness, greenness and  soil  humidity).
Severd thematic variables, like plant cover or the past land use, where obtained from
thematic digitd maps. Findly, the digance to a rotationd landdide scar was
cdculated within the GIS. A 10 m grid format was sdected for the modd. This
reolution dlowed to fully exploit the dealed morphologica information, as
topographic variables like dope are known to play a very important role in debris
flow triggering. The rest of the variables were adepted to tha resolution. The grid
format was conddered optimum for this kind of process, as the sSze of the debris
flows were smilar to the grid cdls. For that reason, each debris flow scar was
recorded asasingle pixd.

Due to the binary character of the response and some predictor variables, and
the dubious normdity of some of the variables, a logidtic regresson procedure was
sdected. Logidic regression dates that the natura logarithm of odds (logit) is linearly
related to the independent variables:

ep o0
In =b,+b xX +...+ b, xX_

where py is the probability of occurrence of a debris flow, X, isaset of n independent
variables, and b, isa st of n+1 parameters. Developing expression 1.

et +0 X+, 5K,
1+exp(b, +b, XX, +...+ b xX )

P.

As landdiding is normdly a rare event, the population can have hundreds or
even thousands of times fewer events (ones) than non-events (zeros). This is specidly
true in grid or raster based models, but is dso frequent in spatidly lumped ones. It is
wel known that common datigicd multivariate procedures, such as discriminant
andyss and logigtic regression, are designed to work with groups that are more or
less equd in sze. When deding with rare events, like landdides, the groups tend to be
very unequd, and the models tend to sharply underpredict the probability of rare
events. This was the case for the Garcipollera vdley modd, where the pixels with
debris flow were around 2.5 in 10 000 cases.

The same problem has been andysed by King and Zeng (2001). They propose
a desgn basad in endogenous dratified sampling, or sampling within categories of the
dependent varigble. The draegy is to sdect dl the cases for which (Y=1) and a
random sdection of cases for which (Y=0). This sampling procedure is specidly



useful when, as is the case of landdide inventory, the researcher knows the exact
proportion of ones in the population (prior knowledge). The number of zeros to
collect is a decison of the researcher. A number of zeros ten times higher than ones
has been used for the Garcipollera valey modd.

A depwise procedure has been used to introduce the variables, with a
probability to enter of 0.05. This procedure sdects only the variables tha sgnificantly
contribute to improve the modd.

Four varidbles where sdected by the stepwise procedure. dope (with a 5x5
filter), dpine pastures, south expostion and north expostion. Only the dope is a
continuous variable, the rest being categoricd. Slope and south expostion have a
podtive effect in the triggering of debris flows, whereas dpine pastures and north
expogition have a negative effect. Sope is the most important varigble in the modd,
as dopes in the Garcipollera valey range typicdly from O to 45 degrees. This means
that byX; can yidd vaues in the range (0-6.39). The other variables, due to their
binary character, can only yidd the values of their b parameters.

The tempord framework of the modd equds that of the origind sample, that
is 33 years (1955-1990). So, the edimated probabilities are referred to this time
period. It is easy to caculate a probability for a different time period of T years by
multiplying the value yielded by the modd by the correction factor T/ 33.

Thanks to the implementation of the modd in a GIS environment, a hazard
map can be displayed (Fig. 4). In this map, the probability of debris flow triggering is
shown by a colour ramp, and the exact probability of experiencing a debris flow a an
exact point can be known.

In Fig. 4 a didinction is made between gable (in blue) and ungtable (vaues of
brown) locations. This digtinction has been done for visudization purposes, and does
not imply a discrete zonation of the study area in safe and unsafe places. In fact,
completely safe places do not exist, and every cdl has a cetan probability of
experiencing landdiding (even though this probability can be very low). A confuson
aises a this point, as logisic models are frequently used in a classfication approach.
This implies sdecting a given vaue of the response variable (the probability of debris
flows, in our case) and cdassfying dl the cdls in one of two groups according to it.
The threshold vaue is normdly the 0.5 probability, as usudly the two sample groups

ae dmilar in 9ze. Sometimes a third group, 'unclassfied, is added, for the vaues



around the threshold probability. For the case where the two groups ae very
dissmilar, the proportion of ones in the sample /) should be used instead of the 0.5

vaue.

[ ] Stable (x <0.00025)

[T ] Unstable (0.00025 <% < 0.0036)

Figure 4. Debris flow hazard map of the Garcipollera valey. The red dots show the
places where debris flows have been observed.

An integration (addition) of the probabilities of debris flows triggering in the
whole catchment can easly be made in a GIS. This vadue equds the expected number
of debris flows in the sudy area during a period of time equivdent to the sample
period. The integration of the probabilities of debris flow in dl the Garcipollera valey
yields an expected number of 150 debris flows, a vaue tha is very close to the
observed number, that is 136.

6.3.7. Main deliverables

The following deliverables have been sent to the Project Coordinator:

- A map with the spatiad digribution of debris flows in the Centra Spanish
Pyrenees.

- A debris flow susceptibility map in the Flysch Sector of the Central Spanish
Pyrenees.

- A report on the factors explaining the spatia distribution of debrisflows.



- A report on the comparison of datisticd methods used by the Itdian and
Spanish groups to modd the debris flow hazard.

- A report on debris flow relaionships.

- A report on the different debris flow behaviour and reaionships in both the
Alps and the Pyrenees.

- Maps on the digtribution of 24-hour precipitation for different return periods.

Section 6.4. Conclusions, including socio-economic relevance,
strategic aspects and policy implications

Hilldope debris flows are a very common geomorphic phenomenon in the
Centrd Spanish Pyrenees, especidly within  the Flysch  Sector. They occur
everywhere dthough there are some triggering factors, i.e, the drong gradients
(around 20-35°), the southern exposure, the shape of the hilldope and the past human
activities. Deforested, frequently burnt aress, as well as shrub areas and old cultivated
fidds are egpecidly affected by debris flows. The scars of old dumps in tectonized
(presence of faults) areas dso develop a number of debris flows.

This sudy has edablished good corrdations between different debris flow
parameters and has alowed to obtain a new equaion for debris flow runout length
according to the difference in height between the scar and the beginning of the
depostion area. Other rdationships have been obtained, underlining the important
role played by debris flow volume.

The andyss of series of aerid photographs since 1956 has dlowed us to
andyse the frequency of occurrence of debris flows and their relation to different
ranfdl intendgties. A relatively high dengty of debris flows has been obtained and no
changes in their frequency have been detected throughout the study period. Rainfals
between 36 to 46 mm in 24 hours seem to be enough to trigger debris flows. These
figures are closer to the Innes (1983) results than to those from Caine (1980). New
maps of intense rainstorms corresponding to different return periods have been
obtained, thus enabling a more detailed gpproach to study debris flow hazard both in
gpace and time.

A logisic modd has been congructed usng information from this project, as
well as data from a Digitd Teran Modd implemented into a GIS. The modd
informs about the probability of occurrence of debris flows in any place of the Hysch
Sector, including information not only about the scar location, but dso about the



length and depogtion area of the debris flow. The procedure used seems to be the best
for smal shdlow landdides and to identify the hazards for, i.e, roads, forest tracks
and other infrastructures and settlements.

The results obtained show a high socioeconomic relevance, since they can
contribute to improve the procedures for hazard mapping and even for forecasting
extreme events for different return periods. The incluson of debris flow length and
runout in the logigic modd gives much more detalled information about the aress
directly affected by hilldope debris flows and about the probability of a debris flow to
resch the fluvid channd. The results obtained and the methods used have been
provided to the end-users, that can incorporate them to their natura hazard
identification policy.

Section 6.5. Dissemination and exploitation of the results

The ddiveries arisen from the project have been sent to Peruggia, in order to
be included in the DAMOCLES Web Page. The main results will dso be included in
the Web Page of the Department of Soil Erodon and Land Use Changes of the
Pyrenean Inditute of Ecology.

Seveerd publications have been redized within the Project, including two to
Mountain Research and Development and Naturd Hazards and Eath System
Sciences. The IPE's group has paticipated in many internationd and nationd
meetings with ord presentations and poster related to the DAMOCLES Project
results. Findly, a Workshop on “Methods on the prediction of landdide hazardin
mountain areas’ was organised in May, 2001 to transfer methods and results to the
end-users and other interested professonds from private and public inditutions.
Other private meeting with the end-users have served to improve their knowledge
about the methods we use to natural hazards forecasting.

Section 6.6. Main literature produced
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