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Abstract. The effects of mass movements, including debris flows, on the inhabit-
ants of mountainous regions can often be catastrophic, causing serious casualties
and property damage. These impacts could potentially be reduced with the
development of early warning systems. Debris flows are generally initiated by
either heavy rainfall or snow melt. In the past, prediction of debris flow events
has been limited to the moment of the flow onset and dependant on the accurate
description of free flowing water conditions at the time of initiation. This has
remained problematic not least because of the high spatial and temporal varia-
bilities of the triggering phenomena, making their accurate measurement by
conventional means, such as by raingauges, difficult.

Remote sensing data offers an ideal opportunity to provide information on
debris flow triggering conditions, including details of the evolution of triggering
rainfall conditions before they initiate a debris flow event. In this paper we outline
the development of a remote sensing technique to provide early warning of debris
flow triggering conditions using infrared data measured from the Meteosat satellite
series, for the Bachelard Valley in the French Alps. The relatively simple relation-
ship and short time interval between the onset of heavy rainfall, and the initiation,
movement and deposition of a debris flow allows information on the triggering
conditions to be considered as early warning of the actual debris flow event itself,
in locations of known debris flow hazard. Predictive information of triggering
conditions of a particular hazard is of vital importance to the development of an
effective early warning system. The technique outlined in this paper was developed
using the debris flow initiation model, of Blijenberg et al., linked to automated
raingauges over a four year period from 1991 to 1994. Of the six case studies
identified warning times of 1-12 hours were given in five of these. A false alarm
test over a month period for the region revealed false alarms on two days, only.
This paper shows that high temporal resolution remote sensing data can be used
to provide early warning of atmospheric conditions likely to initiate debris flow
events. This information is of importance to the development of a debris flow
hazard early warning system.
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1. Introduction

Debris flows are found worldwide in mountainous environments. A form of
gravity induced mass movement; they are intermediate in type between landslides
and water flows (Goudie 1995). Generally initiated on steep slopes, they have been
described as rapid viscous flows of granular solids, water and air, with a consistency
resembling wet concrete (Varnes 1978, Goudie 1995). The initiation of a debris flow
is commonly described as occurring in one of two ways. The first considers the
initiation of a debris flow as the result of a landslide that steadily transforms itself
into a debris flow by dilatancy or liquefaction during its movement (Johnson and
Rahn 1970). The second describes the initiation of a debris flow as a sudden failure
of coarse debris in a high altitude channel or gully bed (Takahashi 1981). The input,
or trigger, for this later mechanism stems from either snowmelt or intense rainstorms.

The effects of debris flows are often catastrophic to the inhabitants of the regions
in which they occur, causing serious casualties and property damage (Jan and Shen
1993). For instance, in 1996, a debris flow devastated a campsite in the Spanish
Pyrennes killing more than 80 people. The death and economic losses due to debris
flow events can be expected to increase with the projected increases in high intensity
precipitation events associated with global warming (Zimmermann and Haeberli
1992). These impacts of debris flow activity could potentially be reduced with the
development of an early warning system for communities living in hazardous loca-
tions. A vital compoment of any hazard early warning system is the accurate
prediction of hazard triggering conditions.

Debris flows vary considerably in their size, speed and impact on the environment.
Observations of past events have revealed debris flow velocities varying from
0.5ms” ' toover20ms ' (Goudie 1995). Rapid debris flows are well-known episodic
features in certain parts of the French Alps (van Asch and van Steijn 1991). In this
study we focus on debris flows in the Bachelard valley, south of Barcelonnette in
the French Alps (figure 1). The debris flows in this area have flow paths up to 1.5km
and widths up to 10m. Velocity of these flows has been estimated at 7-10kmh ™'
(van Steijn e al. 1988). In general they are initiated by short summer precipitation
events. Although presenting only a minimal threat to people in this region they
provide a good opportunity to look at the provision of early warnings for debris
flows in general. This particular study area was chosen because of the relatively
accessible mass movement source areas, and due to the relatively high frequency of
debris flows events occurring compared to a number of other debris flow-prone
regions.

In the past, debris flow research has focused on developing initiation models
(Johnson and Rahn 1970, Takahashi 1978, 1981, Johnson and Rodine 1984) and
numerically simulating the movement and deposition processes of the flow (Shieh
et al. 1996). In both these areas of research, prediction of debris flow events has
been limited to the moment of the flow onset and dependant on the accurate
description of free flowing water conditions at the time of initiation. The problems
associated with this in terms of developing an early warning system for debris flow
activity are threefold. First, the potential time for warning of an event is very short
due to the relatively instant occurrence of the hazard phenomena upon the onset of
triggering conditions. Second, precipitation and snowmelt conditions have large
spatial and temporal variability’s in mountainous regions and hence the accurate
depiction of triggering conditions by ground based measurements such as raingauges
is extremely difficult. This means extrapolation of raingauge readings is often highly
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Figure 1. A map of the French Alps showing the location of the Bachelard valley and area

over which the debris flow initiation model was developed (based on Blijenberg

et al. 1996).
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error prone. Third, very little is known about the precipitation conditions over
mountainous terrain due to the lack of observations and insufficient theoretical
attention given to the weather and climate phenomena of such regions (Beniston
et al. 1994).

Remote sensing data offers an opportunity to provide information on local
precipitation over large areas, largely irrespective of geographical location, and
importantly, details of the evolution of triggering conditions before they initiate a
debris flow event. Precipitation estimates derived using satellite data commonly
utilises data from the infrared and/or passive microwave regions of the electromag-
netic spectrum. In this paper we look at the use of infrared data measured by the
Meteosat satellite series to provide information on the evolution of triggering condi-
tions for debris flow initiation. The relatively simple relationship and short time
interval between the onset of heavy rainfall, and the initiation, movement and
deposition of a debris flow allows information on the triggering conditions to be
considered as early warning of the actual debris flow event itself in locations of
known debris flow hazard.

A key point in developing a technique for predicting rapidly evolving triggering
conditions, is the identification of the exact times of the various debris flow initiation
events. This information is required to assess, adapt and validate the technique and
lengths of early warning possible. Not surprisingly, given the remote location of the
debris flow initiation sites, or source areas, accurate measurements of these times
are rarely available. In this study we obtain this information from a combination of
video evidence, a debris flow initiation model linked to two raingauges and field
surveys. Video evidence was derived from a video camera mounted in the debris
flow source area. Unfortunately restricted to daylight hours, the camera used in this
study was also limited to retrieving only the date of the flow event, and not the time.
The exact time of the event was therefore obtained using a debris flow initiation
model using input data from automated raingauges. Video evidence and field surveys
were used to confirm that debris flow events had occurred.

2. Physiographic setting

The Bachelard valley is located 20km south of Barcelonnette in the Alpes de
Haute Provence (figure 1). The valley forms part of the stream system of the river
Ubaye. One of the key denudational processes along the valley walls is the initiation
of debris flows. Most debris flows originate in source areas situated at altitudes
between 1900 and 2600m. In figure 2 a debris flow source area in the Bachelard
valley is shown. The lithology of these areas is of sedimentary origin. Above approxi-
mately 2000m the sandstone of the Gres d’Annot formation is found. Underneath
this formation, is an outcrop of marls and chalks from the Cretaceous period. Most
source areas are located at the transition of these formations. The sandstones provide
the coarse fractions, whereas the chalks and marls deliver the fine fractions for debris
flow initiation (van Steijn er al. 1988). Vegetation in the source areas is almost
entirely absent with the exception of a few grasses. Human influence in these areas
is minimal.

The climate in the area of interest is characterised by both Mediterranean and
oceanic influences. In terms of debris flow initiation the former is of most interest.
The Mediterranean influence results in the occurrence of relatively isolated rain-
storms, mainly at the end of spring and during autumn (van Steijn et al. 1988).
According to field observations (de Graaf er al. 1993, Blijenberg et al. 1996), most
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Figure 2. Debris flow source area in Bachelard valley. The dashed line delineates the source
area.

debris flows are initiated during the heaviest of these rain storms in summer and
early autumn. Rainfall data recorded in the valley shows a yearly precipitation of
977mm at a height of 1660m. As a result of orographic instability, rainfall varies
significantly in the valley with an increase of precipitation expected with height.

3. The debris flow initiation model

A number of studies have linked rainfall intensity and duration with the onset
of debris flows (Caine 1980, van Asch ef al. 1991, van Steijn 1996). For this study it
was decided to utilise a debris flow initiation model with the variables of slope angle
and rainfall intensity (Blijenberg et al. 1996). This model was developed after field
observations of the initiation process in the test site revealed these two factors to be
the most important in describing debris flow initiation (Blijenberg et al. 1996).
During these field observations it was noted that the initiation process commenced
with the formation of microscale mudflows or microslumps. These microslumps are
formed under intense rainfall conditions and provide the coarse debris material in
the gully bed with the necessary amounts of fine material and water, to move. In
order to investigate the complete initiation mechanism a number of rainfall simula-
tions were carried out in the debris flow source area and an empirical initiation
model developed (Blijenberg et al. 1996).

Rainfall simulation results from these observations are shown in figure 3. From
this figure it can be deduced that a critical combination of slope angle and rainfall
intensity is essential for the initiation of microslumps and debris flows. Rainfall
intensities and slope angles greater than the line drawn in the diagram are taken to
indicate that the conditions exist for debris flow initiation. Rainfall intensity below
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Figure 3. Rainfall simulation results from the Bachelard valley showing the occurrence of
microslumps as a function of slope angle and rainfall intensity (Blijenberg et al. 1996).

the critical intensities needed to initiate microslumps result in either the infiltration
of water into the surface or superficial runoff.

Measurements from 1991 to 1994, taken from two automated raingauges in the
source area and applied to the above model, revealed the likely occurrence of nine
‘very likely’ debris flow events. As stated earlier, the video camera, unlike the
raingauges, had no timer. In order to verify the model-derived estimations of debris
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flow initiation times, the readings of the raingauges had to be matched with those
of the video; both sources of data recorded chronologically. The precise matching
of raingauge readings with video evidence proved difficult, due to the numbers of
rainfall events. However some of the cases were successfully matched and the model
assumed to accurately identify initiation conditions. Of the nine events identified by
the model, two cases were actually witnessed by field surveys and these were labelled
‘certain’ debris flow events. Footage from the video camera showed that seconds
after the rainfall started, superficial runoff took place. When rainfall intensities
exceeded 50mmh ™' for several minutes, small pebbles were detached from the valley
walls. At higher intensities, microslumps on the valley walls were observed and in
the most extreme cases a debris flow was initiated. In this paper six case studies
were chosen for further examination, including the two certain cases. The omission
of the three other cases were made purely on the grounds of the availability of
satellite data at the authors’ disposal.

4. Remote sensing technique

With the exact times of debris flow initiation estimated the next step in developing
the prediction technique was the application of satellite data prior to these times to
identify potentially triggering rainfall conditions. For the purposes of this study
infrared data from the satellite series, Meteosat was used. Data from Meteosat has
a maximum spatial resolution of Skm by Skm at sub satellite point and samples
the same Earth location once every 30 min. The data available for this study had a
sampling rate of once every 3h for 1991, and once every 2 h for the rest of the study
period and a spatial resolution of approximately 8—10km over the region concerned.

Satellite-based rainfall retrievals using infrared data rely on the indirect relation-
ship between the cloud top temperature and surface rainfall (Rasmusson and Arkin
1992). In the past infrared-based rainfall algorithms have been used successfully to
provide information on tropical and sub-tropical rainfall totals over daily and
monthly time scales (Barrett 1993). At higher latitudes (poleward of latitude 45°),
the use of infrared data has been generally restricted to convective meteorological
conditions and occasions when the temperature of the Earth’s surface is sufficiently
different to that of the cloud tops. As stated in the introduction, the rationale behind
using satellite data in contrast to raingauge data, was because such data can provide
information on developing rainfall and cloud conditions likely to trigger a debris
flow, so enabling a longer early warning time till hazard event onset.

Remote sensing data has been previously shown to be capable potentially of
providing early warning information of flooding events (Barrett and Cheng 1996,
Scofield and Achutuni 1996). These flood-warning techniques have concentrated on
identifying relatively large rainfall events capable of delivering considerable amounts
of water to areas susceptible to flooding. By contrast, debris flows in the Bachelard
Valley are initiated by relatively small, intense rainfall events. The cloud conditions
responsible for these rainfall events were observed to develop rapidly, with explosive
growths in size and height. In developing a technique using remote sensing data to
provide early warning of debris flow triggering conditions it was decided to target
this rapid cloud growth stage. It was also decided that warning of potential debris
flow triggering conditions would be given if target clouds were identified not just
over the Bachelard Valley itself, but also around it, to allow for advection of clouds
and to provide information on meteorological conditions in the region as a whole.
The basis for this latter point is that some potentially triggering cloud clusters were
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felt to be sub pixel in size (and thus not visible in the satellite data) in the early
stages of their development, but were associated with other larger cloud clusters in
the area. The technique developed for this study is shown in figure 4.

The structure of the early warning technique loosely follows that of the
Hierarchical Operational Procedure (HOP) of Barrett and Cheng (1996) with the
above conceptual differences and associated changes in conditions. The area chosen
to provide information on cloud conditions in the Bachelard Valley was denoted as

STEP PROCESS CONDITION

Identify rain bearing
cloud clusters

Brightness temperatures

(Tb) <235

If previous image
@ issuedawarning
skip steps 3-5

Normalised difference
of cloud areasin
successiveimages
>200

Identify rapidly
expanding cloud
clusters

or
new cloud cluster

Normalised differences
of coldestcloud Tb
inthe successive

Identify cloud clusters
growingin heightas

! - images
determined by coldest >0.30in area of concern
cloud Tb or

new cloud cluster

Identify cloud clusters
growingin heightas
determined by overall
changesincloud Tbs

Decreasesincloud
Tbs between successive
images greater than
increases

Early warning of debris flow initiation conditions

Figure 4. Outline of the remote sensing data based early warning technique for debris flow
initiation conditions.
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a being four Meteosat pixels either side of that centred on the Bachelard Valley. The
first step in the procedure is to identify cloud clusters using a brightness temperature
threshold of 235K. The next step is activated only when a warning had been given
from a previous image (i.e. potentially debris flow triggering conditions had been
identified earlier), and simply by-passed steps three to five. In step three rapidly
expanding cloud clusters are identified using a normalised difference of cloud cluster
areas between successive images and a threshold of only accepting cloud clusters
with a normalised difference of area over 200, or new cloud clusters. In step four the
height of the cloud clusters are analysed and the coldest cloud cluster brightness
temperature compared to that of the same cloud in the temporally previous image.
Likewise, in step five the technique tries to identify changes in the height of the
cloud by comparing the cloud cluster temperatures as a whole to those of the same
cloud cluster in a previous images. The rationale behind developing steps three to
five was that, as stated above, in the area of interest the triggering cloud types were
noted from field observations to undergo extreme rapid expansion in both size and
height. Warning of potential debris flow triggering conditions is assumed on the
occurrence of cloud clusters fulfilling the above requirements in the area of interest.

The tracking of cloud clusters using temporal sequences of data is a complex
issue, dependant on the dynamics of the cloud clusters and the time interval between
samples. In this study the comparison of cloud cluster area and height occurred
when cloud clusters overlapped in successive images. When such a situation didn’t
occur it was assumed that the cloud had evolved in the time period between images.

5. Case studies

Debris flows, although relatively common in this particular location, are still rare
events. During the four years studied, the model, raingauges, video evidence and
field survey revealed only nine events. Of these only the initiation times of two could
be defined with total confidence. The early warning times possible from the technique
developed in this paper are given for the six case studies in table 1. The initiation
times of the debris flow events are taken from the raingauges and model. From this
table it can be seen that the remote sensing technique provided early warning in five
of the six cases. The longest warning was one of 12h 28 min on 26 June 1994.
Unfortunately, the technique failed to provide any warning for one of the cases on
5 August 1993. This was thought to be due to the temporal resolution of the satellite
data used. The duration of the rain initiating the debris flow on this day was only
19 min, the lowest duration of all cases. Also shown in table 1 are the lengths of time
over which the technique warns of triggering conditions (by step 2). The original

Table 1. Debris flows initiation and early warning times (in GMT).

Certain events Very likely events Warning  Warning  Warning

start time  end time length

Date Time Date Time (hours) (hours) (hours)
12 July 1991 14:07 12:33 21:33 01:34
9 Aug 1991 05:03 21:33 12:33 07:30
5 Aug 1993 14:15 none none none
15 Aug 1993 13:38 12:33 18:33 01:05
26 June 1994 15:01 02:33 18:33 12:28

27 Jul 1994 18:43 16:33 19:33 02:10
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Meteosat image and steps one, three, four and five of the remote sensing technique
for the case studies on 8 August 1991 at 21:33 GMT, and 15 August 1993 at 12:33
GMT are shown in figures 5 and 6 respectively. The target area is shown by the
box. In these case studies it can be noted that, on the whole, the technique uniquely
identifies cloud clusters in the area concerned before the debris flows were initiated.
Cloud clusters outside this area have been largely eliminated by the various stages
of the technique. In these images cloud clusters outside the area of concern have
been treated the same as those inside the area. There has been no removal of cloud
clusters other than indicated by the technique.

In addition to the six case studies, a month-long period from 8 August to
8 September 1993 was chosen in order to assess the number of false alarms produced
by the technique. This particular period was chosen because of satellite data availabil-
ity and to avoid fresh snowfall. Results from running the technique every two hours
show that there were false alarms on only two days, 13 and 27 August. During the
month period rainfall occurred at the test site raingauge, on seven occasions. Rainfall
is likely to have occurred even more frequently in the whole region monitored,
including other areas susceptible to debris flows. No note was kept of the number
of cloudy days. Figure 7 shows the false alarm at 14:33 GMT on 13 August 1993.

6. Discussion

The ability of a community to live in proximity to a natural hazard, without loss
of life, is dependent, in part, on the length of warning that can be given until the
onset of the hazardous phenomena. Preliminary results in this paper show that
remote sensing data can be used to provide early warning of triggering conditions
for debris flow events in the French Alps. Of the six cases examined in this study
the triggering conditions for five were correctly identified with approximately 1-12h
warning. Given the location of potentially hazardous slope conditions, derived from
information on slope angle and regolith availability, this early warning information
could be used to close roads and evacuate local inhabitants in locations at risk from
debris flow activity. A number of methods exist for the mapping of landslide hazard
zones, which would help delineate areas at risk from debris flow activity, including:
the creation of landslide inventory maps (Wright and Nilsen 1974); applied geo-
morphological hazard mapping using aerial photo-interpretation and fieldwork
(Brunsden ez al. 1975); slope instability hazard mapping using terrain classifications
(Carrara et al. 1977); and slope instability hazard mapping by correlation of slope
inventory maps with parameter maps (Yin and Yan 1988, van Westen 1992). The
choice of mapping methodology is often dependant on the availability of data and
the scale of mapping required, varying from synoptic or regional scale (1:100000 to
1:250000), to large scale (1:5000 to 1:15000). In the Bachelard valley the limiting
factor in terms of mapping debris flow hazard zonation are the availability of
terrain data.

The landslides examined in this study have flow paths up to 1.5km and widths
up to 10m. They are rapidly moving, reaching speeds of 7-10kmh™ '. The Meteosat
data, by contrast, in the French Alps, have a spatial resolution of 5-6km in an
east—west direction and 8-10km in the north—south direction, and a temporal
resolution of once every 30 min. The data used in this study has a temporal resolution
of once every two and three hours. In the past, remote sensing data, and in particular
Earth observation data, has been restricted to the monitoring of massive landslides
or the zonation of regions vulnerable to landsliding (Astaras et al. 1997, de Graaf
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Figure 5. (a) Meteosat image, (b) subsampled Meteosat image and early warning technique
results for: (c) step 1, (d) step 3, (e) step 4 and (f) step 5 for 8 August 1991, 21:33
GMT. The box highlights the area of interest.
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Figure 6. (a) Meteosat image, (b) subsampled Meteosat image and early warning technique
results for: (c) step 1, (d) step 3, (e) step 4 and (f) step 5 for 15 August 1993, 12:33
GMT. The box highlights the area of interest.
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Figure 7. (a) Meteosat image, (b) subsampled Meteosat image and early warning technique
results for: (c) step 1, (d) step 3, (e) step 4 and (f) step 5 for 13 August 1993, 14:33
GMT. The box highlights the area of interest.
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et al. 1999). However in this study, it is the debris flow triggering conditions that
are being monitored. These have lower time and space scales compared to the actual
debris flows and are relatively compatible with the scales of remote sensing data
used. In this technique the information provided by the satellite data on potential
triggering events is derived from a vast area, some hundreds of kilometres squared,
and has been related to an individual source area of less than hundreds of metres
squared. The case studies have shown that the meteorological conditions necessary
for the initiation of debris flows can be derived from satellite data. However, no
indication can be made from this information of whether debris flow source areas
in the Bachelard valley, other than the test site, also produced debris flows on these
occasions. With such a technique it is therefore impossible to say which debris
flow source areas will produce movements, only that the triggering conditions exist
for some to occur. An increase in temporal frequency of the Meteosat data in
further studies, is hoped to allow the reduction in the box size used to denote the
area of interest and help differentiate which slopes might produce a debris flow at a
particular time.

The use of cloud parameters to determine debris flow triggering conditions rather
than rainfall estimates, although reducing the errors associated with retrieving rainfall
estimates from satellite measurements, incurs errors associated with correctly and
uniquely identifying the clouds that will develop heavy rainfall, over the region
concerned. An indication of this error is shown by the failure of the technique to
provide early warning in one of the case studies and by the false alarms in the false
alarm trial run. An increase in the accuracy of this technique would be expected
given higher temporal frequency remote sensing data, especially in the single case
where the technique failed to identify a triggering situation and the duration of the
rain event was only 19min. Further investigations might also look at varying the
size of the window considered as providing cloud information for the early warning
of triggering conditions in the Bachelard valley. For instance in figure 7 it can be
seen that a false alarm would have been avoided on 13 August 1993, if the western
extent of the box denoting the area of interest had been restricted. It should also be
noted that the use of this technique is restricted to summer time. The appearance of
fresh snow might produce false alarms. Fortunately field observations have shown
that the debris flow events in the Bachelard Valley are generally initiated during
summer.

A number of studies have indicated that the combination of passive microwave
and infrared data would improve the retrieval of rainfall parameters for flood
forecasting (Boni et al. 1996, Barrett and Cheng 1996, Scofield and Achutuni 1996).
This study has only looked at the use of infrared data due to the speed of development
of debris flow triggering clouds and their small size relative to the temporal and
spatial resolutions of passive microwave data.

7. Conclusion

In this paper it has been shown that remote sensing data can be used to provide
early warning of debris flow triggering conditions in the French Alps. This informa-
tion is vital for the development of an effective early warning system for debris flow
hazards. High temporal frequency remote sensing data from the Meteosat series of
satellites allows the identification of cloud clusters likely to develop intense rainfall
which in turn are likely to initiate debris flow activity.

Video evidence, field observations and an empirical debris flow model linked to
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an instantaneous raingauge were used to ascertain the exact times of debris flow
initiation. The high spatial and temporal variability of rainfall in mountainous
regions and the large areas vulnerable to debris flows compared to the coverages of
video and field observations means there are severe restrictions on the use of
conventional surface data to provide early warning of debris flow events, over a
large region. Additionally the length of early warning possible using such observa-
tions is restricted to the relatively short interval between the onset of the triggering
phenomena and the hazard event. By contrast, the remote sensing technique outlined
above, allows warning of potential debris flow triggering events, over large areas, to
be derived before the triggering phenomenon occurs, by attempting to recognise the
evolution of intense rain bearing clouds. In this role the remote sensing data is not
being used to retrieve rainfall amounts but instead is used to derive raining cloud
properties that produce debris flow triggering conditions.

Acknowledgments

The authors would like to thank Dr. H. M. Blijenberg of Utrecht University,
the Netherlands, for various data used in this study; Dr. D. A. Kilham for his
suggestions on the writing of this paper and Simon Godden and Ruth Pollington
for their cartographic inputs. This study was funded by the European Union
Human Capital and Mobility Project: Landslides and Mudflows, Contract No.
ERBCHRXCT940630.

References

ASTARAS, T., LAMBRINOS, N., SOULAKELLIS, N., KALATHAS, A., and OikoNnoMIDIS, D., 1997,
Delineation of landslides using GIS and digital image processing techniques on multi-
temporal Landsat 5STM images: A case study from the Pindus mountain Greece. In
Remote Sensing: Integrated Appplications for Risk Assessment and Disaster Prevention
for the Mediterranean, edited by A. Spiteri, Proceedings of the 16th EARSel Symposium,
Malta, 20-23 May 1996 (Rotterdam, Netherlands: A. A. Balkema).

BARRETT, E. C., 1993, Satellite rainfall monitoring for agrometeorology: operational problems,
practices and prospects. EARSeL. Advances in Remote Sensing, 2, 66—72.

BARRETT, E. C., and CHENG, M. C,, 1996, The identification and evaluation of moderate to
heavy precipitation Precipitation Areas using IR and SSM/T satellite imagery over the
Meditteranean Region for the STORM project. Remote Sensing Reviews, 14, 119-150.

BENISTON, M., REBETEZ, M., GIORGL F., and MARINNCL M. R., 1994, An analysis of regional
climate change in Switzerland. Theoretical and Applied Climatology, 49, 135-159.

BLUENBERG, H. M., DE GRaAAF, P. J., HENDRIKS, M. R., pE RUITER, J. F., and vaN
TETERING, A. A. A., 1996, Investigation of infiltration characteristics and debris flow
initiation conditions in debris flow source areas using a rainfall simulator. Hydrologic
Processes, 10, 1527-1543.

Boni, G., ConTI, M., DIETRICH, S., LANZA, L., MARZANO, F. S., MUGNAI, A., PANEGROSSI, G.,
and Siccarpi, F., 1996, Multisensor observations during the flood event of
4-6 November, 1994, over Northern Italy. Remote Sensing Reviews, 14, 91-119.

BRUNSDEN, D., DoorRNKAMP, J. C., FoOkEs, P. G., Jongs, D. K. C., and KeLry, J. M. H., 1975,
Large scale geomorphological mapping and highway engineering design. Quarterly
Journal of Engineering Geology, 8, 227-253.

CAINE, N., 1980, The rainfall intensity-duration control of shallow landslides and debris flows.
Geografiske Annaler, 62, 23-28.

CARRARA, A., PuGLIEsE, C. E., and MERENDA, L., 1977, Computer based data bank and
statistical analysis of slope instability phenomena. Zeitschrift fiier Geomorphologie.
N.F., 21, 187-222.

DE GRAAF, P. J., DE RUITER, J. F., and vaAN TETERING, A. A. A., 1993, De initiatie van
puinstromen. Een onderzoek in het Bachelard dal. Doctoraal studie. Department of
Physical Geography, University of Utrecht, Netherlands.


http://www.ingentaconnect.com/content/external-references?article=/0177-798X^28^2949L.135[aid=658264]
http://www.ingentaconnect.com/content/external-references?article=/0885-6087^28^2910L.1527[aid=658265,csa=0885-6087^26vol=10^26iss=11^26firstpage=1527]
http://www.ingentaconnect.com/content/external-references?article=/0885-6087^28^2910L.1527[aid=658265,csa=0885-6087^26vol=10^26iss=11^26firstpage=1527]

434 Debris flow triggering conditions in the French Alps

DE GRAAF, P. J., KniveTton, D. R., and GraNIca, K., 1999, The identification of landslides
and creep in the Trieve region of the French Alps using Geographical Information
System. In preparation.

GouDIE, A., 1995, The Changing Earth: Rates of Geomorphological Processes (Oxford:
Blackwell).

Jan, C. D., and SHEN, H. W., 1993, A review of debris flow analysis. Proceedings of the XXV
Congress, 30 August—3 September, Technical Session B: Debris Flow and Landslides
(Tokyo, Japan: IAHR), pp. 25-32.

JounsoN, A. M., and RanN, P. H., 1970, Mobilization of debris flows. Zeitschrift fuer
Geomorphologie, Suppl. B, 9, 168—186.

JounsoN, A. M., and RoDINE, J. R, 1984, Debris flows. In Slope Instability, edited by
D. Brunsden and D. B. Prior (London: Wiley), pp. 257-361.

Rasmusson, E. M., and ArRkIN, P. A., 1992, Observing tropical rainfall from space: a review.
In The Global Role of Tropical Rainfall, edited by J. S. Theon, T. Matsumo, T. Sakata,
T. Fugono and N. Deepak (Hampton, VA: Deepak), pp. 105-188.

ScoriELD, R. A., and AcHuTtuni R., 1996, The satellite forecasting funnel approach for
predicting flash floods. Remote Sensing Reviews, 14, 251-282.

SHEIH, C-L., JAN, C-D., and Tsal Y-F., 1996, A numerical simulation of debris flow and its
application. Natural Hazards, 13, 39-54.

TaxkaHasHL T., 1978, Mechanical characteristics of debris flow. Journal of the Hydraulics
Division. Proceedings of the American Society of Civil Engineers, 104, proceedings paper
13971, pp. 381-396.

TaxkaHAsHL, T., 1981, Debris flow. Annual reviews of fluid mechanics, 13, 57-77.

VAN AscH, T. W. J., and vaN STeuN, H., 1991, Temporal patterns of mass movements in the
French Alps. Catena, 18, 515-527.

VAN STEDUN, H., 1996, Debris flow magnitude-frequency relationships for mountainous regions
of Central and Northwest Europe. Geomorphology, 15, 259-273.

VaN STeuN, H., DE RUIG, J., and Hoozemans, F., 1988, Morphological and mechanical aspects
of debris flows in parts of the French Alps. Zeitschrift fuer Geomorphologie, 32,143-161.

VaN WESTEN, C. J., 1992, Medium scale landslide hazard analysis using a PC based GIS; a
case study from Chinchina, Columbia. Proceedings of the Symposium Sensores Remotos
y Sistemas de Informacion Geografica para el Estudio de Riesgos Naturales, IGAC,
13-17 May 1992, Bogota.

VARNES, D. J., 1978, Slope movement types and processes. In Landslides, Analysis and Control.
Special Report 176, edited by R. L. Schuster and R. K. Krizek (Washington, DC:
Transportation Research Board of the National Academy of Sciences), pp. 11-33.

WRIGHT, R. H., and NiLseN, T. H., 1974, Isopleth map of landslide deposits, Southern San
Francisco Bay Region, California, US Geological Survey Miscellaneous Field Studies
Map MF550.

YN, K. L., and YaN, T. Z., 1988, Statistical prediction model for slope instability of meta-
morphsed rocks. Proceedings of the 5th ISL, 5-7 September 1988, Lausanne,
pp- 1269-1272.

ZIMMERMANN, M., and HAEBERLI, W., 1992, Climatic change and debris flow activity in
mountain areas—a case study in the Swiss Alps. Catena Supplement, 22, 59-72.


http://www.ingentaconnect.com/content/external-references?article=/0921-030X^28^2913L.39[aid=658270]
http://www.ingentaconnect.com/content/external-references?article=/0066-4189^28^2913L.57[aid=658271,csa=0066-4189^26vol=13^26iss=^26firstpage=57]
http://www.ingentaconnect.com/content/external-references?article=/0341-8162^28^2918L.515[aid=658272]
http://www.ingentaconnect.com/content/external-references?article=/0169-555X^28^2915L.259[aid=658273]

