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Abstract

The aim of this study is to improve the assessmthazard posed by debris flows to
the people and settlements of northwest Icelanstingying very recent examples from above
the town of isafjérdur and other nearby localiti®sbris flows are a recognised hazard in the
region: above Isafjérdur, they occur with particlyldnigh frequency and have appreciable
volumes (up to 14 000 ¥ We have used airborne laser altimeter (LIDARJ differential
Global Positioning System (GPS) data to producpash maps of flows that occurred in
1999, 2007, and 2008. Our data show that thesesflmgin depositing at higher slope
gradients and are also more mobile than hillslcgzid flows reported by other authors.
Above a 19° slope, erosion is initiated independérihe distance along the flowpath. Using
the isopach maps and associated field observatimbave found a relationship between
ground slope and patterns in deposition volume h&kee used this finding as a basis for an
empirical model that enables an estimate of thed tavel distance and final thickness of
future debris flows to be calculated. This has &whhbs to identify areas of the town which
are at risk; some of these are not obvious witkidatanalysis. This model is notable for its

simplicity, which allows future debris flow charadstics to be predicted without the need to
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determine the precise fluid dynamic parameters@®flow such as viscosity and velocity,

which are required to implement more complex madels

Keywords:debris flow; Icelandic Westfjords; geohazards; LIRA

1. Introduction
1.1. Background

Debris flows move at great speed (e.g., 0.8-28 fram debris flows measured in the
field; Rickenmann, 1999) and are able to carry essize boulders (e.g., Clague et al., 1985;
Kaniji et al., 2008). They have great destructividitgtand can pose a significant hazard to
people and infrastructure. We have begun a newy stutthe Westfjords region, situated in
the north-western tip of Iceland (Fig. 1), where ihfrastructure and local population are at
considerable risk from a variety of slope-proceazainds, including avalanches, landslides,
slush-flows, rock falls, and debris flows. Manyeatincidents related to snow avalanches
have been serious: for example, 20 people diedksingle avalanche in Flateyri in 1995
(Arnalds et al., 2004). These events have stimdlstiedy of these processes in this region,
and as a result government agencies have defireatdchaones (Arnalds et al., 2002). Debris
flows have not caused major loss of life in thisaain recorded history (Decaulne et al.,
2005), but with the expansion of the traditiondtleenents from spits in the middle of the
fjords toward the hillslope, it becomes increagjritddely that a debris flow event will occur
that results in considerable destruction or deRésidents report the frequent blocking of
roads by debris flows, and in 1999 several flowsroame the lower slope ditch (marked in
Fig. 2), which was built to protect the town andnd@ed houses in isafjérdur (Decaulne et
al., 2005). The main purpose of this study is tssess the hazard posed to these new

settlements using improved data on recent de fonegsfl

[Fig. 1 here]
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The focus of debris flow hazard prediction modslskewed toward so-called confined
debris flows, which travel along confined preexigtchannels or torrents and emerge on to
alluvial or debris fans (Rickenmann, 1999; Bertl &imoni, 2007; Gartner et al., 2008;
Prochaska et al., 2008). In contrast, few studiegentrate on the hazard posed by hillslope-
style debris flows (Fannin and Wise, 2001), whiod ot restricted by preexisting valleys
over the majority of their length. Hillslope debfiews are common in steep terrain
throughout the world; however, these types of fléersn significant recognised hazards in
Iceland (Decaulne and Seemundsson, 2007) and Searal{iRapp and Stromquist, 1976).

This study presents new results from quantificatibthe volume and pattern of debris
flow deposits using topography digital elevationdals (DEMs) generated from differential
GPS (global positioning system) measurements, @md EiDAR (light detection and
ranging) data. This aim of this study is to imprénazard assessment in the region by
empirical description of hillslope debris flows.

1.2. Regional setting
Our study area in the Westfjords area of Icelangl. (B is a typical post-glacial

landscape consisting of deep fjords cut into a segel of basaltic lava flows of Miocene age
(~ 15 Ma). The hillsides in the Westfjords area ffism sea level to 700 m with average
slope angles of 25-35°. The slopes are rocky andywegetated; the dominant species are
grasses and mosses on the soils and lichens oodcke The fjords themselves are incised
into 2-30 m thick layers of basalt rock, which digntly toward the SE (Decaulne et al.,
2005). The slopes are very steep in the upperguofti 45°) and often form bedrock cliffs.
The lower slopes comprise talus and relict delwis fieposits. The channels that dissect
these slopes are principally incised by debris iohhese channels can lie as close together
as 15 m, are densely packed along most of the siopgbe study area, and often span the

entire slope from top to bottom (up to 1.5 km iagas). The area retains many inherited
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glacial features as well as active paraglacialufest that include solifluction lobes and thick
surface deposits of till on flat surfaces. Actilepe processes are common here, most
probably as a result of the post-glacial slopejrestichent that has been ongoing over the last
10 ka since glacial retreat (Norddalh, 1990). regeratures in the area usually vary
between -5 and 10°C with the 30 year mean annealgtation being ~2000mm/yr. Much

of the precipitation falls as snow and snow patd@sbe preserved in shadow into the
summer months. The maritime position of the West§aneans that snow cover can be very

variable and liable to thaw suddenly even in winter

[Fig. 2 here]

The town of isafjordur is mostly located on a $pitmed by the action of the sea, with
expansion of the town over the last 50 years bacapmmodated along the basal slopes of
the fjord. The slope above isafjordur (Fig. 2Cnigrrupted at ~ 450 m altitude by the
Gleidarhjalli bench, which slopes gently to the&tf is covered by ~ 30 m of glacial
sediments; these comprise gravelly to silty sarttisafbangular to subrounded clasts that
range in size from centimetre to metre. On tofhese deposits lie many centimetres to
metres sized angular clasts derived from frosttehiag of the bedrock and glacial clasts
themselves. These sediments reach the angle dfeegoy quickly, as frost shattering
promotes erosion of the bedrock cliff at their basd creep pushes the sediment body
forward toward the bench edge. This means thadébeis flows above Isafjérdur are not
supply limited, but limited by the frequency ofggering events, unlike most other flows in
the area (Glade, 2005).

Debris flows in this area are triggered by rapiovemelt or prolonged rainfall (Decaulne

et al., 2005; Decaulne and Seemundsson, 2007). Pnesesses saturate the sediment stack,
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which further destabilises the already unstablénsewts. A debris flow is then triggered as a
result of undercutting of these sediments by waneerging from beneath the sediment stack
at the interface with the basalt bedrock. Rockfatlginating at the exposed edge of the
debris stack have been observed immediately priardebris flow and are a probable cause
of failure (Decaulne et al., 2005). The glacidlftils by rotational sliding and then forms a
debris flow.

The mean interval between large flows is only frears (Decaulne et al., 2005). On
other slopes in Iceland, debris flows are much fiespuent and generally smaller because
they are supply limited (Glade, 2005) — the debrighe slopes must reach a certain
thickness and steepness before it can slide (Baflarand Benn, 1994; Wilkerson and
Schmid, 2008). The debris flows above the towrsafjbréur provide a unique opportunity
to study debris flows because (i) the frequenciaafe events is unusually high and (ii) the
majority of the deposits are preserved on the slopkis means that we have the opportunity
to study very fresh debris flows in which the irhce of post-depositional reworking is
minimised, thus allowing more accurate quantifmatof erosion and deposition volumes and
patterns.

In addition to the SE-facing slope above Isafjoydwo additional sites (Figs. 2A and
2B) were selected because they had also experid¢rasddebris flows just prior to the field
visits in 2007 and 2008. Firstly, we studied aradrethe south of Hnifsdalur, a village
located to the north of isafjérdur. Debris flows anuch less frequent here than in isafjoréur,
but we investigated a small fresh flow sourced ftbmsoil mantle on the slope above the
valley road, which occurred here in late springary summer 2007. This flow originated, in
all likelihood, as a failure triggered by concetitna of overland flow that then eroded
downslope before deposition. Secondly, on the msidé of Sigandafjordur, debris flows

regularly block the road and two fresh flows hataftithe road between Botn and Grensfjall
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between the 2007 and 2008 field visits. The flowgioate by the “fire hose” (e.g., Johnson
and Rodine, 1984, Coe et al., 2007; Carrara e2@08) mechanism in alcoves cut into the
bedrock cliffs bounding the fjord. This triggeringechanism is characterised by the
concentration of overland flow by chutes or depoessin the bedrock that evolves into a
debris flow as it picks up material from the slagieere it emerges. This material has to build
up by weathering and erosion of the bedrock bedatebris flow can be formed (as for

Glade, 2005), hence the time between large evemisich longer than at isafjérdur. The
source material is the product of frost shattedhmaterial that has collected in these alcoves
under the action of gravity. Interestingly, thewkdid not originate from the top of the fjord

(700 m asl) but from material accumulated at ~ &B00r lower.

2. Materials and methods

2.1. Previous work and methodology for this study
Debris flow volumes are usually estimated fromesittine failure scar (e.g. Gabet and

Bookter, 2008) or the deposits themselves (e.gablee et al., 2005). Traditionally this is
done by measuring cross sections and long seatidhe features, although the precise
method and associated errors are rarely reportgd Rapp and Nyberg, 1981; Gardner,
1989; Okuda, 1989; Decaulne et al., 2005). Excaptto this include Santi et al. (2008), who
report errors as small as = 23 % on volume estonaising the cross section technique with
a slope profiler. They take into account the vaatn technique between individuals and the
use of differing locations for the cross sectidng, do not include an error associated with
estimating the pre-flow topography. A report tagamined methods for estimating the
erosion volumes removed by rills (Casali et alQ@0ecommended that sampling by
microtopographic profile meter, which produces 8ihts over 1 m to get an error of < 10%

in volume calculation.



153 Empirical estimates of volumes have been derivechfmorphological data (e.g.,

154 Larsson, 1982; Innes, 1983; Fannin and Wise, 2@ik)these rely on a large sample size
155 and their applicability varies by region. Empiricalationships from large data sets relating
156 volumes, total travel distance, and other dimersstoave been found for confined debris
157 flows (Rickenmann, 1999) and hillslope debris floiverente et al., 2003), but neither of
158 these empirical approaches give information orsthécture and pattern of deposition and
159 erosion. Iverson, et al. (1998) produced a wideliad model called LAHARZ, which

160 calculates the inundation of a debris flow givaDEM. This routine produces a set of

161 potential debris flow inundation zones with an assted hazard rating based on their

162 statistical analysis. It is based on empirical ¢igua relating cross sectional area and

163 inundation area to total volume. However, this gsialis not reliable if the flows are

164 unconfined over most of their length, as the eguatare derived from the study of 27

165 confined lahars originating from nine volcanoesides not attempt to estimate eroded

166 volumes or deposition volumes along the flow. Faramd Wise (2001) produced an

167 empirical-statistical model that calculates erosind deposition per reach of the flow, with
168 the equations dependent on whether the flow isigedf transitional, or unconfined. It is

169 based on the study of 449 debris flow events ineQueharlotte Islands, British Columbia,
170 Canada. This model comes closer than other empimnodels to describing the realistic

171 behaviour of debris flows without full flow dynamicodelling.

172 Repeat stereo photogrammetry has been used taaéstiverall slope denudation (Coe
173 etal., 1997, Breien et al., 2008). Coe et al. )9Bed a 2 x 2 m grid and achieved a volume
174 error of £5%. Breien et al. (2008) used a 3.3 xB8.8rid and achieved an error of +10%.
175 Neither study revealed the fine-scale structurtnefdebris flows (e.g., the levees were

176 poorly resolved). In landslide studies LiDAR isasftused in conjunction with other datasets,

177 e.g., Chen et al. (2006) used DEMs derived frontqurammetry to compare with LiDAR
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topography. However, the lower accuracy of the pipatmmetry and the difficulty in
georeferencing all the datasets meant that theeutiere only able to detect 10-100 m
vertical changes. Good results have been obtamedparing repeated LIiDAR surveys
(Scheidl et al., 2008) with estimated errors inwtbkime calculation ranging from just 9% up
to 55%. No repeat LIDAR surveys have been performebe Westfjords area, so we have
used a combination of LIDAR data and differenti®$data to quantify the changes in
morphology along the debris flows.

2.2. Data collection
Eight debris flows were surveyed using a Leica &ysb00 differential GPS (Fig. 2) in

2007-2008. Five debris flows were examined on tbees above Isafjordur (Fig. 2C): one on
the slope above Hnifsdalur in the adjacent vallgg.(2B), and two on the east slopes of
Sugandafjorour (Fig. 2A). The relative timing oéthctivity of the debris flows in this study
is shown in Table 1. A base GPS unit was positiateatie foot of the slope within 3 km of
the rover GPS units. Point elevation data wereect#d by two roving units, with the
operator collecting three or more epochs of datgppmmt. To ensure high quality, data were
not collected when the Global Dilution of Precis(@DOP) value (which is calculated real-
time from relative satellite positions) was > 7.Lé&ica System 800 Total Station (TPS) was
used to collect additional data in 2008. The lasatnd orientation of the TPS was obtained
by collecting shared points with the GPS. The TBi&cts point elevation data using a laser
ranger equipped with accurate internal determinatif horizontal and vertical angles. The
TPS could collect points at a maximum distance5f Ah.

Four main types of sampling were performed:

(i) channel long profile: recording the lowest pointvixen the levees;

(ii) levee long profile: recording the maximum elevatafrithe levees on each side of the

channel;
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(iii) cross profiles: taken at ~ 50 m interval® ¢t for 5DF, 20 m for 7,8,10DF) along the
debris flow; and
(iv) debris flow edge: only measured if the flow waslwlefined.
For each of these methods the topography was sdrap@5-2.0 m intervals, with more
frequent sampling used where the topography chamged rapidly. This frequency of cross
sections follows the scaled-up methodology advise@asali et al. (2006).

The GPS data were supplemented with LIDAR dataisedusing an Optech
ALTM3033 instrument and aerial photography takethwi Leica-Wild RC10. These data
were collected on 5 August 2007 by the U.K. Natt@mavironment Research Council’s
Airborne Research and Survey Facility (NERC ARSE; E). Seventeen flight lines were
flown allowing the collection of 63 million LIDAR @nts and 63 aerial photographs. The
aerial photographs were orthorectified, mosaicad,georeferenced using BAE System’s
SocetSet software.

Further processing of the LIDAR data was requiceddrrect for between-track
horizontal shifts of up to 2 m, which in steep aressults in an equivalent magnitude of
vertical error. This problem has been highlightgd-avalli et al. (2009) and they state that
sub-metre scale measurements cannot be taken waboaction for these between-track
errors. To achieve this correction we used a ls@sares matching technigue developed by
Akca (2007a, b), which matches the surface shagd @R intensity between each track
to align the tracks relative to one another. Thlisisted data set was then georeferenced by
aligning it to the GPS data collected in the 208hpaign. This processing resulted in the
cross-track and georeferencing errors in the LiDosfRa being reduced to ~0.1 m vertically
and < 0.25 m horizontally as detailed in Table 2.

2.3. Generation of elevation models

To measure volumes of debris flows, we calculatedstope shapes before and after

debris flows. In all calculations we used the fastirn LIDAR data where the height of the
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ground at the LiDAR shot point is calculated udgiing return time of the last laser light to
reach the receiver from that particular shot. Wedubese data to create a regional 5-m DEM
using the LiDAR Explorer 2.0 extension for ArcGIEhis program uses the mean value of
the LIDAR shots within each pixel to produce a sthddEM and if necessary uses linear
interpolation between the LIiDAR shots to fill smdéita gaps.

The combined 2007 GPS and last return LIDAR sudaty for the debris flows were
converted into local 0.25-m DEMs for each debisvil This was performed using the
universal Krige interpolation method provided withhe geostatistical analyst tool of ESRI's
ArcMap software, which has been verified as a vadathod for this type of data (Scheidl et
al., 2008). We used Krige rather than Natural Nedaylr, as recommended by Scheidl et al.
(2008), because the Krige method allows inclusidtih® expected asymmetry of the surface
as well as the asymmetry of the sampling, and des/an estimation of the errors associated
with the prediction. Because of the relatively loumber of points compared to those
processed by Scheidl et al. (2008), this processagycomputationally inexpensive to
perform — high cost being the main argument preskagainst this method by Scheidl et al.
(2008).

For those debris flows that occurred before theARDsurvey (1DF, 2DF, 3DF, and
5DF), the pre-flow morphology was estimated ushngy2007 data alone. This was achieved
by taking all the GPS and LiDAR points within a Sbuffer around the boundary of the flow
(i.e., excluding all the points that lie on the ndebris flow) and performing a Krige
interpolation based only on these points — in essésmoothing out” the debris flow to
estimate the preexisting topography. Where theisiélomw is wide, especially in the alcoves,
the interpolation was performed across large digtsuof the order of 50 m). The post-flow
surface was estimated using all of the 2007 datasacdhe flow. For those debris flows which

occurred after the LIDAR survey (7DF, 8DF, and 19DRe pre-flow morphology was
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interpolated from the 2007 LIiDAR and GPS data dmedgost-flow morphology derived from
the 2008 GPS and TPS data.

2.4. Volume estimation and patterns

To assess trends in deposited volume over theHerighe debris flow, the GPS points
representing the margins of the debris flow wemrveated into a polygon shapefile using
ArcGIS software. This polygon was then split intora-flow segments (Fig. 3). These
segments were equally spaced and lay perpendicutae channel centre line (i.e., they were
not necessarily of equal area). Section lengthatv&sm intervals for all debris flows —
apart from the small debris flow, 5DF, which ha2-m interval. For each debris flow, an
isopach map was produced by subtracting the postgurface from the pre-flow surface.
Then for each segment, the total volume of eroaiwhof deposition was calculated by
summing the negative and positive pixels, respebtj\of the isopach map falling within the
segment. To account for the varying areas of eegiment, the volumes were divided by the
area of the segment, giving a representative tlegkitof erosion and deposition) for each

segment. The concept of representative thicknesgisexy for volume.

[Fig. 3 here]

The segmented polygons were then used to geneatitdiss based on underlying
topography. To analyse how the flow responded t@iians in the regional slope
morphology, we used a 5-m DEM produced from theARDdata. To analyse responses to
the morphology produced by the flow itself, we usieel higher resolution 0.25-m DEMs
produced for each debris flow from LIDAR and GP$%ad&or each DEM, the mean slope
angle and elevation were calculated using the atanwols provided in Spatial Analyst of
ArcGIS. The slope angle is derived using the stetepawnhill slope as calculated by fitting a

plane through the eight nearest neighbours.
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To analyse patterns of erosion and depositionlitnalflows together we normalised
their individual segment erosion and depositioneegntative thicknesses. Normalisation is
performed for erosion and deposition separatelyisidlculated by dividing representative
thickness for each segment by the total represeatttickness for each flow (of erosion or
deposition as appropriate) so that data for alfithwes can be compiled together (otherwise
the signal from the largest, freshest debris flosuld dominate). This normalisation then

adjusts for differences in both scale and age.

3. Results
3.1. Field observations — sources of materials eimanges over time

All the debris flows in this study form levees, aane exhibit a terminal lobe. The
levees flank the channel and, when large and fiesle steep interior and exterior slopes.
The levees all contain a fine matrix that supptirésclastic material; however, the source
material and age of the deposits varies betweeavsflo

Decaulne (2001) observed that debris flows 2DF,,3E 4DF were sourced from a
rotational slide of the glacial material on topGi€idarhjalli bench. This material is
characterised by the high content of subroundestiib@ngular clasts ranging from
centimetres to metres in size supported by 10-3#ge-brown fines (see grain-size
analysis in Decaulne et al., 2005). We found thatrhaterials that compose the levees in
debris flow 1DF matched the glacial deposits. Hetlee composition of the levees reflects
the composition of the source area. We used visgpkction and correlation to determine
the source deposits of the remaining flows in shigly (Table 3). The precise drainage areas
for the isafjt')réur debris flows (1DF, 2DF, 3DF, 40dnd 7DF) are hard to determine as
much of the water flow occurs beneath the surfdd¢beobouldery Gleidarhjalli bench. Most
of the contributing area is from the Gleidarhjakinch, with some contribution coming from

the small plateau on the slope above. The othaigd#étws (5DF, 8DF, and 10DF) have
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rockwall chutes upstream, which have small (or igdgk in the case of debris flow 5DF)
plateaus above them.

We have observed that debris flows usually take#th of a previous flow for at least
the upper third of the total length. Levees thathiaeen washed free of fines can be
infiltrated by them again in a subsequent flow andddition the levees can be built up in
height. When flows are frequent, this means thatiea is required when estimating the
volume without knowledge of preexisting topograpByher authors have noted that levees
are often reworked in subsequent flows, leavingoalmmo evidence of the previous flow,
which leads to underestimation of historical freggye(e.g., Luckman, 1992).

Decaulne (2001) reported anthropomorphic removahatierial from debris flows 2DF
and 3DF because they affected the town. At delang 7DF, we observed that a significant
quantity of material had been mechanically excav&@m the ditch to the bank between the
2007 and 2008 field visits. These deposits wereetbee not included in our study, and this
anthropomorphic modification should be consideré@nvdrawing conclusions from volume
data. We observed that large quantities of mathadlbeen moved from the road to the
downslope verge in debris flows 8DF and 10DF, hawvethese deposits were included in
our survey. As the deposits were moved by 5 mss, lvhich is on the same order as our
sampling distance, we decided this was not sufftdie disrupt the conclusions based on the
analysis of volumes in this study.

3.2. Debris flow volumes

Table 4 presents estimates of volumes of the sadregbris flows. According to the
classification of Innes (1983), these flows are imedscale flows (except debris flows 5DF
and 7DF which are small-scale flows). On the 1-EHgnitude scale presented by Jakob
(2005) all the flows are rated as size class 2B\ @ebris flow 5DF as size class 1-2.

To assess the performance of our method to estimatere-flow topography (see

section 2.3 for details) for debris flows 1DF, 2[3BF, and 5DF, we also applied this



332 method to debris flows 7DF, 8DF, and 10DF, wheeepte-flow topography is known from
333 the 2007 LiDAR survey. Table 4 shows the resultthf analysis. Our method tends to
334 underestimate the overall volume of the flow by0-4® % and overestimate the erosion of
335 the flow by ~ 2-3 times. However, the overall vokiof the erosion and deposition are not
336 important for the following analysis and hazardeassnent, but the preservation of the
337 patterns of erosion and deposition. We find thatdwerall patterns of deposition and erosion
338 are preserved when using our method of estimatieglpw topography for all the debris
339 flows (Fig. 4).

340

341 [Fig. 4 here]

342

343 The percentage errors appear large for all thesfl@etails of calculation in Appendix
344  A) for the following reasons:

345 (i) for those flows without pre-flow data, the irpelation (described in section 2.3) in
346 the lower surface was performed over long distanessilting in large estimate errors,

347 especially in the source areas; and

348 (ii) because the error is expressed as a peragntag larger for the smaller debris
349 flows (5DF, 7DF, 8DF, and 10DF) as the absoluterdorms a larger percentage of their
350 smaller volume. To put this in context, the averager on the deposition volume relates to a
351 +20-cm thickness and the erosion volume corresptmest42-cm thickness.

352 Despite the significant percentage errors thatlrésum using the Krige interpolation
353 over large areas without points (see section 2.8étrils), it presents a superior approach
354 than just taking a linear surface under the floinstfy, because the method uses the

355 surrounding topography to estimate the pre-exigopggraphy. Secondly, although the

356 linear and Krige interpolation methods perform gqléntly (see Table 5), the Krige method



357 allows an estimate of potential error, whereaditiear method does not. In addition, we

358 compared our volume results to those obtained bypalation of the cross-sectional areas
359 calculated from cross profiles along the flow. Vdcalated the volume of debris flows 1DF
360 and 2DF using this method: once using all meascress sections and again using just three
361 cross sections that are located at the same appaiposition as those made by Decaulne et
362 al. (2005). Both methods produced equivalent esésfor volumes (Table 5), although we
363 must emphasise that when fewer cross sectionssacegreater care is required in ensuring
364 that they are representative of the flow as a wlmlg., recommendations of Casali et al.,

365 2006). However, although extrapolation of crossiseal area is adequate for estimating

366 volumes, it cannot be used for detailed study efgatterns of erosion and deposition.

367 3.3. Patterns in erosion and deposition
368 To demonstrate the overall patterns of erosiondambsition developed by debris flows,

369 we have chosen two case studies, debris flows HFSBF, to illustrate the behaviour. The
370 results from the calculation of total volumes a#sh debris flows are presented in Table 4,
371 and the spatial distribution of volume over thewlim Fig. 5. The scale of the two flows is
372 very different, but they both show slope-dependemaviour. The relationship between
373 slope and the depositional regime is evident in &jgvith slope directly affecting the pattern
374 and quantity of deposition as further detailed elo

375

376 [Fig. 5 here]

377

378 In debris flow 5DF (Fig. 5A), a transition betwettyie erosion and depositional regimes
379 occurs at a sharp change of slope from 28° to T88.beginning of this slope change is
380 marked Il on Fig. 5A. Above this, the point atiethlevees begin to form is marked by a
381 slight decrease in slope, shown between | and Fign5A. A slight decrease in deposition

382 is matched by a slight increase in slope markedftl a major peak in deposition occurs
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about 50 m from the end of the flow, matched byapdn slope at IV. For 5DF, the
complete cessation of erosion occurs somewhereseat®5° and 17°, with deposition
starting at 32° (Fig. 5A). Field observationdrditu grass between the levees confirm that
erosion has stopped at this point. This flow remanobile on slopes as low as 7°, but below
the lobe at IV field observations show the depdstge very little relief.

The main erosional section of 1DF (where deposigamegligible) terminates at a slope
angle of about 32° (marked | in Fig. 5B). Belowsthoint, erosion continues to take place in
the centre of the channel, but temporarily ceastsegoint where a secondary lobe breaks
off from the main flow and restarts below this, k&t Il. The main depositional phase is also
briefly interrupted over a short, steeper sectioarked Ill) below which a brief pulse of
deposition occurs before the deposition tails aft@the lower slope section. The flow
remains mobile on slopes as low as 10°. This @aiively small flow for isafjordur, as it did
not reach the fjord nor the man-made drainage aamthe lower part of the slope.

Despite debris flows 3DF, 2DF, and 4DF being oftters (hence more eroded), the
patterns in deposition and erosion are preservedca therefore analyse patterns of erosion
and deposition in all the flows together usingniethods described in section 2.4. Figure 6
shows a box-plot showing normalised representatymosition (Fig. 6A) and erosion (Fig.
6B) thickness against slope as a compilation df é@tall the debris flows. Using Fig. 6, we
can then compare the onset of deposition and éesssHterosion in these flows with those
found by other authors for hillslope flows. Notatlhe extension of the boxes above the
zero-line in Fig. 6A (marked X) at slope angles33 & an artefact because of the protrusion
of bedrock surfaces in the alcoves of debris fle®& and 3DF above the interpolated

surfaces.

[Fig. 6 here]
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Our results are interesting in that we find medslerdeposition at slope angles of 37°.
This is higher than reported by previous studiesehte et al. (2003) reported 17.8° as the
onset slope for deposition; and Fannin and Wis@12€eported unconfined (hillslope) flows
as depositing at angles < 18.5° on average in tltee@Charlotte Islands, British Columbia,
Canada, but their data show deposition occurringpl§8° in some cases (it is not clear,
however, if these flows are exclusively hillslopebds flows). However, Larsson (1982)
reported deposition at as much as 35° for delmigdlin Longyear Valley, Spitsbergen,
Norway. Matthews et al. (1999) reported depositarslopes of up to 25° in Leirdalen,
Jotunheimen, Norway; and Rapp and Nyberg (1981rteg deposition on 30° slopes in
Nissunvagge, Sweden. For confined flows, depostdioes not begin until much lower slope
angles are reached on the fan (e.g., Staley &0f16; Prochaska et al., 2008). Hence, for the
flows studied in this paper, deposition consisieh#gins at a much higher average slope
angle than reported by the majority of other awghor

Fannin and Wise (2001) reported their lowest liofierosion on average as being 18.5°
for unconfined flows, but this lower limit has nmen widely reported elsewhere in the
literature. From Figs. 6B and 5, apparently a logtepe erosion threshold exists of ~ 19° for
debris flows in our study, marked by the vertita¢lin Fig. 6B. This is reinforced by field
observations of erosion occurring near the distdl@& the debris flow coincident with an
increase in local slope as shown in Fig. 7. Ii$e @onsistent with the observationingitu
grass between the levees of debris flow 5SDF atldesu decrease in slope below 19°. This
phenomenon has been noted by other authors in lottetions (Rapp, 1960; Matthews et al.,

1999; Luckman, 1992), but not quantified.

[Fig. 7 here]
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4. Data analysis
4.1. Comparison with previous empirical relatiorshfor debris flow total travel distance

Rickenmann (1999) used data from 232 confined ddlaivs from around the world to

derive the following relationships:

L = 30(MHg)"?® 1)

L = 1.9M%1H 08 (2)
whereL is the total travel distanckl is the elevation difference between the sourcetlaad
lowest point of deposition, arM is the magnitude or total volume. Equation (13 is
theoretical relationship between distance travedlied energy potentiaMH.), and the
constant has been selected to approximate avestaderavel distance in the data of
Rickenmann (1999). Equation (2) is the regressguagon ofL, M, andH, that best fits
Rickenmann’s (1999) data. Similarly, Lorente e{2003) compiled data from 961
unconfined debris flows in the Flysch sector oftcarSpanish Pyrenees to derive the
following relationships:

L = 7.13MHg)**"* ®3)

L =-12.609+0.56& + 0.41% 4)
whereh is the elevation difference between the sourcetl@dtarting point of deposition,
ands s the average gradient of the source area iregsgtorente et al. (2003) used Eq. (1)
as the basis for Eq. (3), but adjusted both th@eapt and the constant to fit their data.
Equation (4) is the result of a linear regressibthe variables that had the highest correlation

with total travel distance from Lorente et al.’9(3) data.

[Fig. 8 here]



458 For Rickenmann’s (1999) Eq. (1), debris flow 1D&slwell above the line =y in Fig.
459 8, which means its total travel distance is shdHen that predicted by this relationship.

460 Using Rickenmann’s (1999) Eq. (2), our debris fldMaF, 10DF, and 8DF all lie well above
461 thex =yline and therefore have a shorter total travehdise than predicted. This is because
462 the elevation difference is more important in B).than (1), giving a longer predicted total
463 travel distance for 8DF and 10DF, which have greglevation differences. For both the

464 Rickenmann (1999) relationships (Egs. 1 and 2) detoris flows 2DF, 3DF, 5DF, and 7DF
465 lie close to the = y line: the measured total travel distances matetpthdicted ones quite
466 well. All the debris flows in this study lie welelbw the line for both of the relationships

467 from Lorente et al. (2003), i.e., all the flows thave studied have larger total travel distances
468 than would be predicted by Lorente et al. (2003)sting relationships do not seem to fit our
469 results very well, so we now proceed to developayun empirical model in the following

470 sections.

471  4.2. Derivation of an empirical relationship for Xerd prediction

472 By treating cumulative packets of the segmentedisiéows from top to bottom as
473 progressively larger subsamples of the main délorng we noticed predictable patterns in
474  the pattern of deposition. Figure 9 shows a plaurhulative average slope against

475 cumulative normalised deposition thickness. Cunngadverage slope&)y) was calculated

476 for each segmemt as follows:

477 g. == (5)

478 where§ is the slope within segmentandn is the number of segments counted from the
479 source of the flow downward. The cumulative norsedi deposition thicknes&.j was

480 calculated for each segmenas follows:
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—

whereZz; is the representative thickness for that segnagratZy is the sum of the

representative thicknesses for all segments indieis flow.

[Fig. 9 here]

All the debris flows studied fall within a narrowarrge of cumulative average slope for
a given representative thickness, and most hawatéi steep section over which no
deposition occurs. Deposition then begins at a ¢atiwve average slope of 35-40°. The
behaviour of the debris flows then falls into ofi¢fwee groups: (i) those which then deposit
linearly for the rest of their length (debris flo®§2, DF3, and DF7), (ii) those with a sudden
decrease in deposition before their terminus (ddlows DF1 and DF8), and (iii) those
which show strong initial deposition that tails offo a constant rate of deposition at lower
slope angles (debris flows 5DF and 10DF). We canthsse relationships to generate best-fit
curves, allowing us to predict potential futuresflbehaviour.

4.3. Creating a hazard map from empirical relatibips

Enough consistency exists in the relationship betweumulative average slope and
cumulative normalised deposition thickness toditves to the envelope of the data points
shown in Fig. 9 (this process is described motg fal Appendix B). We have fitted three
types of curves (Fig. 9): linear (on the lower badary, labelled 2 in Fig. 9), sigmoidal
(Boltzmann-family, to the highest average slopbkelied 3 in Fig. 9 and lowest average
slope, labelled 4 in Fig. 9), and exponential (i@ average, labelled 1 in Fig. 9). These
curves represent the patterns in behaviour labélegi), and (iii) described in section 4.1,
respectively. We have then modelled the debris tewaviours based on these curves along

19 simulated debris flow tracks (Fig. 10). The ksawere generated from the lines of greatest
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fluid accumulation as derived from hydrological retishg of the LIDAR DEM using Arc
Hydro Tools 9.0. Centrelines were digitised frons taccumulation model and then split or
segmented at 5-m intervals, as per the empiricalen@ee Fig. 3). The underlying slope for
each of these segments was extracted from the OBbse models require two inputs in
addition to the flow paths: the planimetric ared #re debris flow volume.

As debris flow 1DF was a relatively small event gamred to those in 1999, we used its
volume and planimetric area as an end member itnast the thickness of deposits reaching
the town on a set of 19 tracks shown in Fig. 18e Tfesults of this modelling show that for
models 2 and 4 upper parts of the town would besktfrom any debris flow; and for models
1 and 3 the flows do not have sufficient mobildyréach the town, no matter what the input
volume and area. To demonstrate how the thicknetsegge with increasing volume (and
planimetric area), the thicknesses of debris rewctiie town are tabulated for different input
parameters for three example flow-paths (labelleérig. 10 Model 1) for all four models in
Table 6. The results from 1 and 3 emphasise tlesettypes of flows rarely have sufficient
mobility to reach the town, no matter what the impolume and area are for these two

models.

[Fig. 10 here]

5. Discussion

5.1. Reliability of volume data

Our method of estimating pre-flow surfaces has liested on the debris flows for
which we do have pre-flow data (7DF, 8DF, and 1QitF§eems to underestimate deposition
volumes and greatly over-estimate erosion volurablé 4). We do not have a debris flow
> 1000 ni on which we can test this method, but it is likelgt the percentage difference in

calculating the deposition volume by this methodildadecrease with greater volume, as the



532

533

534

535

536

537

538

539

540

541

542

543

544

545
546

547

548

549

550

551

552

553

554

555

556

557

absolute differences would increase only slowlys klso likely that the percent difference in
erosion volume would remain large, as the kriggmgerformed over larger source areas,
leading to the absolute difference increasing withvolume.

However, the interpolation on accurate GPS and IRDevation data gives realistic
ranges of volumes for these flows. Consideringrtherent bias towards underestimation, the
volume estimates are larger than previous estinfatdhis area: our “medium” flow 1DF
has a volume of about 8000 kompared to 3000 fralculated by Decaulne et al. (2005) for
a “large” debris flow 2DF in 1999 (Table 5). We kawsed several different methods to
calculate the deposition volumes of 1DF and hauvedcdhat all the results are consistent
(Table 5). Debris flow 1DF is a medium-sized floov this region, and the results are within
realistic bounds for this scale of flow (Innes, 3p8However, debris flow 1DF has the largest
errors from lack of pre-flow data, and hence dileotflows are better constrained and have
more reliable volume estimates.

5.2. Patterns in deposition and erosion

Debris flows 1DF and 5DF show morphological evidentthe pulsing nature of debris
flows in the patterns of their deposits. The bre#kebe in 1DF is probably a result of the
first pulse, which was able to break over the pisting levees at the bend in the channel
(Fig. 5B — just above II). Later pulses blocked thath with their own levees and continued
down the path of previous flows. For debris flowFs[& major peak in deposition is located
about 50 m from the end of the flow (Fig. 5A —;lhis was also probably an original
terminal lobe before a later pulse broke out thitoadevee above it. This later pulse formed
small levees and then spread out into a sheet idepggesting a higher mobility and, hence,
water content. This demonstrates that a debris dloas not necessarily follow the line of
greatest initial slope, but that earlier pulses ldack further flow; this divagation behaviour
of debris flows has been described by several @tgrors from deposits (e.g., Addison,

1987; Morton et al., 2008) and modelling (Zanuttagid Lamberti, 2007). These field
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observations also point to the variable compositibthe pulses that form a debris flow
event. Although our model does not incorporatedl@sservations explicitly, we use the
knowledge of this pulsing nature to expand andrinfoonclusions based on model results.

Debris flows continue to be mobile at low slopelasgwith debris being transported at

slope angles as small as 7-10°, although initisseems to require a high slope angle (> 40°).
We have measured little deposition at lower slomges, and several possible reasons exist
for this:

() The debris flows studied here exhausted the availabterial before reaching low
slopes. We have not studied any very large, filesés that could perhaps continue
depositing at low slope angles, as their matesiabit exhausted by deposition on
higher slopes.

(ii) Any low-slope deposits within Isafjérdur or on rea@maining from historical flows
would almost certainly have been cleared away.

(iiUrbanisation on low slopes prevents debrisMéofrom progressing unimpeded
downslope.

(iv) Morphology of the slopes in Isafjordur means thetyMow (<< 10°) slope angles are
not abundant above the shoreline.

Previous studies (Decaulne, 2001) have suggest¢did¢iposition of lobes does occur at these
low slope angles, but it is unclear if the watenteat is low enough within these mobile
flows to maintain levees.

The ideal slope angles for deposition appear tarbend 25°, enabling the outer edge
of the flow to stabilise into levees while the mawody of the flow remains mobile.
Deposition begins to occur at much higher slopdemnidan reported for previous flows (e.g.,
Coe et al., 1997; Lorente et al., 2003). This piadiy indicates that the flow deposits in the

isafjorour region have a higher angle of dynamiitifin or a higher viscosity (possibly
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related to lower water content or higher clay cotjtéhan previously reported for debris
flows. This is supported by field observations it levees are able to maintain high
external and internal slopes.

In the study area a threshold slope of 19° is afeskrbelow which erosion completely
ceases. Whenever this threshold is exceeded looven the flow, erosion begins again as
shown in Fig. 7. This means that the debris florespaobably bulking (i.e., incorporating
material eroded from along the flow path) as theygpess downslope, although we were not
able to estimate the amount of bulking, becauselatk of reliable data in the source areas.

5.3. Comparison with previous empirical relationshfor debris flow total travel distance

Figure 8 shows how the debris flows studied herepare with empirical
relationships for debris flow run-out distancesidkt by Rickenmann (1999) and Lorente et
al. (2003).

The debris flows studied here fit best with thefowed debris flows (Equation 1)
studied by Rickenmann (1999), but the total tralisfance is greater than predicted from the
hillslope debris flows studied by Lorente et aD@3) in Flysch in the Pyrenees. This is
surprising as the debris flows in our study areatrotosely resemble those of Lorente et al
(2003), being unconstrained hillslope flows rattian the confined torrent debris flows of
Rickenmann (1999).

From this we infer that the larger debris flowsur area are generally more mobile
than hillslope flows studied by Lorente et al. (2R(ut less mobile than confined flows
studied in a wide range of settings by Rickenmd®99). However, the smaller flows have
about the same mobility as Rickenmann’s (1999hokbzed flows. The higher mobility of
these flows seems counter-intuitive considering thgher angle of dynamic friction or
higher viscosity implied by observed high levegs®and deposition at high local slope
values (detailed in sections 3.1 and 3.3). Howgdverson (1997) concluded that the

structure of the deposits does not reflect the gmags of the original debris flow, and the
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interplay of the flow’s viscosity with the fluid drgranular parts of the flow is poorly
understood (Iverson, 1997). We hypothesise tieahih mobility compared to Lorente et

al. (2003) is a reflection of the larger scalehs tlebris flows in this study. Clearly, the

flows in our area do not closely match existing &rogl relationships. We conclude that
empirical prediction from simple models is insuiict here; and that without the application
of more complex models, the prediction of futuafllengths in a given area can only be
made by the analysis of detailed measurementseofqars flows from the selected area. Here
we present an example of how this can be implerdente

5.4. Developing a new empirical model for debmsvflprediction

For the debris flows studied in the Westfjords, ridationship between slope and
deposition does not strongly depend on the ovaralis nor the source material’s grain size,
grain size distribution, or angularity (detailedsiction 3.1). All the flows show similar basic
patterns yet have different masses (Table 4) anppose different materials (Fig. 4, and
section 3.1). Both field observations and analgsithe isopach and slope profiles (Fig. 5)
point to a strong relationship between slope ammbsi@on-erosion volume. From the isopach
data, we have derived a predictive relationshigltiws in this area. Figure 9 shows the data
and trends in cumulative slope and normalised depoghickness, as derived in section 4.1
and Appendix B, which lead to this predictive riglaship. As mentioned in section 4.1,
debris flows 2DF, 3DF, and 7DF do not have the sadifop in deposition at low cumulative
slope that is shown by most of the other flows. doeer, we believe that this is not a feature
of the flow mechanics but a result of the depds#ing later removed by anthropogenic
mechanical excavation (section 3.1). This remowal &ffected the normalisation in Fig. 9,
but we estimate that these deposits make up agnifisant fraction of the total deposition
volume and therefore would not push these flowsidatthe main data envelope. We
attribute the other differences between debrisslawfig. 9 to gross rheological differences

and to the variation in rheology of their constitipulses. These differences are surprisingly
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small, however, considering the variation in toggncal setting, source of material, fines
content, clast size, angularity, and grain siz&itistion between the flows.

The data in Fig. 9 form a discrete envelope thatudees the way in which we expect a
debris flow to evolve in terms of proportion of cak deposit thickness and hence volume
with cumulative slope. Therefore, with a startumyume, planimetric area, and a DEM, this
relationship can be used to predict overall totaldl distance and deposit thickness at a
given location.

5.5. Predicting hazard

We have used the empirical relationships descriibbaséction 5.4 to simulate debris
flow deposition and overall total travel distandéeng synthetic flow paths as explained in
section 4.2. Different flow behaviours are représdrby the four models shown in Fig. 9,
and these have been simulated along the synthatikst Models 2 and 4 always reach the
houses no matter what the starting volume (Tabkd;10). Models 1 and 3 never reach the
houses, and again this is independent of starbhge (Table 6: Fig. 10). As noted in
section 5.4, debris flows 2DF, 3DF, and 7DF doheaote the sudden drop in deposition at
low cumulative slope that is shown by most of tifeeoflows; and these flows form the basis
for creating model 1 (exponential). Hence, we disoount this model as being unrealistic
for most debris flows. The sigmoidal (Boltzmanmadels 3 and 4 seem to represent the
inherent behaviour of most of the flows: an iniskdw increase in deposition, a stable middle
area with approximately constant deposition, asbap drop-off at low slope angles.
However, the difference in terms of overall deptsitkness is not great between models 2
(linear) and 4 (sigmoidal), hence a simple lineadei would suffice to implement this
method, without the need to fit a precise curve ergicular flow.

Protective ditches have been dug above the tovisafjtrur in two locations (marked
in Fig. 2) to protect the population and housemfdebris flows. In our modelled flows, the

flow thickness only matches the depth of the prdteditches (i.e., the flow only progresses
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past the ditches) when the flow is extremely largeolume (> 100 000 fis an
exceptionally large flow for this region). We shdulote that in reality the ditches were
nearly overwhelmed (mud and water reached the sirsd999 (Decaulne et al., 2005) by
2DF and 3DF, which have estimated volumes of 30@D1£00 ni respectively (Table 5).
We note that the ditches have since been widenedgiine, 2007). However, our model
results show that medium-sized debris flows raaulfreater than 1 m of deposits at the
eastern ditch, so two medium flows occurring clmsene another in time and space would
overwhelm this ditch and flows would reach the lesussiven that debris flows can be
triggered simultaneously (e.g., Coe et al., 2008¢duIine and Seemundsson, 2007), this
appears to be a plausible hazard. However, thedrezy of occurrence of these multiple
events is unknown for isafjérdur, so we assumettiiatwould be a comparatively rare event,
but severe if it does occur. This analysis has ledalss to identify areas of the town at risk
that would not be obvious otherwise. To priorités® mitigation work done by the
authorities, this model could be combined withreates of most likely flow areas based on
historical data and cost-benefit considerations.example, although the electricity
substation is unprotected, damage to it althougbrinenient is unlikely to cause loss of life,
compared to residential properties.

Our model does not take into account the effethefrelative timings of multiple
events nor the number of pulses in a single floanévi-or example, a medium-sized flow
could occur in a single pulse and stabilise orstbpe with the terminal lobe at the ditch and
rest of debris backed up behind it. However, sutkwent could also have many pulses, the
first of which fills the ditch allowing the next [m@s to ride over the top. These hypothetical
events could have the same overall volume but défgrent outcomes. In addition, the flow
paths we have used in our model run down the stésfme, but as noted previously,

(sections 3.1 and 3.3) debris flows do not necégsamform to this path. However, the flow
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routes we have produced are representative ofdpesexperienced by a debris flow as it
progresses and therefore can be used as an iodicdtihickness of deposits expected for the
flow, if not the exact path line.

Our model is an oversimplification of the behaviotithe flow, but it is conservative in
its simplifications. The advantage of this modehit it meets the conditions of Hurlimann et
al. (2008), which are (i) the method must speci§patial distribution, and results must cover
the entire study area; (ii) the method applied &hbe able to incorporate different volumes
as input data; and (iii) the output of the methbdudd enable intensity determination without
the need for the time and expense of a full twoeatigional flow model, requiring back-
calculation to determine rheology and selectiothefmost appropriate flow-resistance law.
Our model has a similar philosophy in this respedtannin and Wise (2001), although their
model required the additional inputs of length, twjcind azimuth of each reach in the debris
flow. Their model also dealt with transitional acmhfined debris flows in addition to
unconfined debris flows and also included bulkimgdrporation of material eroded along
the flow path). Except bulking, none of these dddél factors are of importance in purely

hillslope flows.

6. Conclusions

(i) The length and pattern of deposition of a futurerigeflow of given volume can be
estimated from slopes measured on DEMSs of its ptediflow path. This conclusion
is based on the fact that debris flows above is3if) in Hnifsdalur and in
Sugandafjordur, consistently showed similar retatfops between cumulative
average slope and normalised deposition thickmiesgite each flow having wide
differences in source materials and setting. Thsallowed us to identify areas of

the town of isafjérdur previously not acknowledgedbeing at risk. We recommend
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areas that have been identified as medium riskovedo not undergo future
development. We suggest that future work shoulthdestesting this model with
additional data and extending it in to other areas.

(ii) . This model is notable for its simplicity, whichoavs future debris flow
characteristics to be predicted without the neadktermine the precise fluid dynamic
parameters of the flow such as viscosity and velpaihich are required to
implement more complex models.

(iWe have found that erosion occurs when slopgles are > 19° in any part of the
flow. Hence, any new development should be locatedeas with slopes much less
than this, in addition to being located away framas highlighted as medium to high
risk in the debris flow modelling.

(iv) Satisfactory estimates of debris flow volumes camérived from well-placed cross
profiles, as demonstrated by other authors, howeaterns in erosion and deposition
cannot be analysed using this method.

(v) Our method of estimating volumes using Krige aldpon produces reasonable
estimates of debris flow deposition volume, everemhre-flow data are absent.
When pre-flow data are absent the deposition voltends to be underestimated and
the erosion volume greatly over-estimated, bufptiiterns in deposition and erosion
are preserved and realistic bounds of error arengby this method.

(vi) Large hillslope-style debris flows above isafjdrdnrHnifsdalur and in
Sugandafjordur, do not fit existing empirical madbhsed on channelized torrent-fan
systems or hillslope flows. Given their significdvaizard potential, they therefore
warrant more study. Furthermore, an extended stfittye cessation point of erosion
and the onset threshold of deposition in hillsldpéris flows in other regions could

lead to more generally applicable relationshipsctvim turn could provide an
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important link between the morphometric propertiedebris flow deposits and the

fluid dynamics of the flows themselves.
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Appendix A — Analysis of Errors

Table 2 summarises the main sources of error idldte collection and data
processing chain. The improvement in the accuratlyeoLiDAR data through matching the
tracks using LS3D (Akca, 2007a, b) is clearly showme errors associated with data
collection (with the exception of LIDAR data prepessing) are very small compared to the
errors generated in interpolating the data. Thistrba taken into consideration when
interpreting the total volume estimates. The be&ime estimate would be from a surface
that had densely spaced points both before andaattebris flow occurs (both preferably
from corrected LiDAR data). Given the financial toassociated with collecting LIDAR data
and the unpredictable nature of debris flows, ffstesnatic collections of such data is

unlikely.

The errors from the upper and lower interpolatatbses were combined using the
standard formula:
0z = (on” + oe?) (A1)
whereoy is the total uncertainty, arg andog are the uncertainties of the two surfaces.

These errors vary spatially and can become largs &wm data points.
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Appendix B — Model Production

This appendix describes the method by which theesuin Fig. 9 were generated;”
refers to cumulative average slope apd fefers to cumulative deposition thickness. The
parameters derived from the least squares fitsidbesktin this appendix, along with their
associated errors, are given in Table 7. The aensatsed to generate the model curves

shown in Fig. 9 are as follows (with numbering hieréhe same sequence as in Fig. 9):

0.03 + 1876170« ¢ */2217) (B1)
(36 - ) / 8.5 (36 - 8.5%) (B2)
-0.03816 + 1.04016 / (1 +(&~30:30119)/1.00309) (B3)
1.012 /(1 + &~ 3/1.0030 (B4)

The shape of Eq. (B1) was derived by performingtleguares fit of
y=A+B*&*’9 (B5)
on the data from debris flow 2DF. Tjevalue for the fit is 0.00547, which implies a

significantp-value of << 0.001. The value is 0.93652.

Linear regression of the data from debris flow 55 used to derive Eq. (B2) using
the following relation:
y = A+ BX (B6)

Ther? value of this fit is 0.854663, which gives a sfiggaint p-value of << 0.0001.

The curves from Egs. (B3) and (B4) were deriveghésforming a least squares fit of

y=A+(B-A)/(1+& 9D (B7)



788  using data from debris flow 1DF. Th&value for the fit is 0.00027, which implies a
789  significantp-value of << 0.001 and the | value of 0.99828. Eiqua(B4) is a translation of

790 Eg. (B3) along the x-axis, an estimate of the lolveit of the data envelope.



791 10. References

792 Addison, K., 1987. Debris flow during intense raiihfn Snowdonia, North Wales: A
793 preliminary survey. Earth Surface Processes andfoams 12(5), 561-566.

794 Akca, D., 2007a. Least squares 3d surface matchingendssische Technische Hochschule
795 Zurich, Zurich, 92 pp.

796 Akca, D., 2007b. Matching of 3d surfaces and thgensities. ISPRS Journal of

797 Photogrammetry and Remote Sensing 62(2), 112-121.

798 Arnald§, b., Sauermoser, S., J6hannesson, T., G@tm§H., 2002. Hazafd zoning for

799 Isafjorour and Hnifsdalur, Technical Report VI-URY&durstofa Islands, Reykjavik.
800 Arnalds, b., J6nasson, K., Sigurdsson, S., 2004lakehe hazard zoning in Iceland based on
801 individual risk. Annals of Glaciology 38, 285-290.

802 Ballantyne, C.K., Benn, D.I., 1994. Paraglaciapsi@djustment and resedimentation

803 following recent glacier retreat, Fabergstolsdaiorway. Arctic and Alpine

804 Research 26(3), 255-269.

805 Berti, M., Simoni, A., 2007. Prediction of debrisw inundation areas using empirical

806 mobility relationships. Geomorphology 90, 144-161.

807 Breien, H., De Blasio, F.V., Elverhgi, A., Hgeg, R008. Erosion and morphology of a
808 debris flow caused by a glacial lake outburst flosdstern Norway. Landslides 5(3),
809 271-280.

810 Carrara, A., Crosta, G., Frattini, P., 2008. Cormmamodels of debris-flow susceptibility in
811 the alpine environment. Geomorphology 94, 353-378.

812 Casali, J., Loizu, J., Campo, M.A., De Santistelal., Alvarez-Mozos, J., 2006. Accuracy
813 of methods for field assessment of rill and ephaigully erosion. Catena 67(2),
814 128-138.

815 Clague, J.J., Evans, S.G., Blown, I.G., 1985. Ariddipbw triggered by the breaching of a
816 moraine-dammed lake, Klattasine Creek, British @alia Canadian Journal of Earth
817 Sciences 22(10), 1492-1502.

818 Coe, J.A,, Glancy, P.A., Whitney, J.W., 1997. Voairit analysis and hydrologic

819 characterization of a modern debris flow near Yudoaintain, Nevada.

820 Geomorphology 20(1-2), 11-28.

821 Coe, J.A., Godt, J.W., Wait, T.C., Kean, J.W., 20déld reconnaissance of debris flows
822 triggered by a july 21, 2007, thunderstorm in AlgiColorado, and vicinity. Open-
823 File Report 2007-1237, U.S. Geological Survey.



824
825
826

827
828
829

830
831

832
833
834

835
836

837
838

839
840
841

842
843

844
845
846

847
848
849
850
851
852
853
854

855
856

857
858

Decaulne, A., 2001. Dynamique des versants etesgaturels dans les fjords d'Islande du
nord-ouest I'impact geomorphique et humain desaachles et des debris flows. PhD
Thesis, Université Blaise Pascal, Clérmont-Ferr268, pp.

Decaulne, A., Seemundsson, Pétursson, O., 2005idkdw triggered by rapid snowmelt: A
case study in the Gleidarhjalli area, northwesteetand. Geografiska Annaler Series
A-Physical Geography 87A(4), 487-500.

Decaulne, A., 2007. Snow-avalanche and debris-flanards in the fjords of north-western
Iceland, mitigation and prevention. Natural Hazatd€l), 81-98.

Decaulne, A., Seemundsson, 2007. Spatial and tetgivesisity for debris-flow
meteorological control in subarctic oceanic pegglhenvironments in Iceland. Earth
Surface Processes and Landforms 32, 1971-1983.

Fannin, R.J., Wise, M.P., 2001. An empirical-statzd model for debris flow travel distance.
Canadian Geotechnical Journal 38(5), 982-994.

Favalli, M., Fornaciai, A., Pareschi, M.T., 2009da&r strip adjustment: application to
volcanic areas. Geomorphology, in press.

Gabet, E.J., Bookter, A., 2008. A morphometric gsialof gullies scoured by post-fire
progressively bulked debris flows in southwest Mamat, USA. Geomorphology 96(3-
4), 298-309.

Gardner, J.S., 1989. High magnitude geomorphicteviarthe Canadian rocky mountains.
Studia Geomorphologica Carpatho-Balcanica 23, 39-51

Gartner, J.E., Cannon, S.H., Santi, P.M., Dewdf&., 2008. Empirical models to predict
the volumes of debris flows generated by recenilyed basins in the western U.S.
Geomorphology 96(3-4), 339-354.

Hurlimann, M., Rickenmann, D., Medina, V., BatemAn,2008. Evaluation of approaches
to calculate debris-flow parameters for hazardsssent. Engineering Geology
102(3-4), 152-163.

Innes, J.L., 1983. Debris flows. Progress in PlatsBeography 7, 469-501.

Iverson, R.M., 1997. The physics of debris flowsylRws of Geophysics, pp. 245-296.

Iverson, R.M., Schilling, S.P., Vallance, J.W., 89@bjective delineation of lahar-
inundation hazard zones. Bulletin of the Geolog®atiety of America 110(8), 972-
984.

Jakob, M., 2005. A size classification for deblisvs. Engineering Geology 79(3-4), 151-
161.

Johnson, A. M., J. R. Rodine, 1984. Debris flow.Brundsen, D., Prior, B. (Eds.), Slope
Instability. John Wiley, Hoboken, NJ, pp. 257-361.



859
860

861
862
863

864
865
866

867
868
869

870
871
872
873

874
875
876

877
878

879
880

881
882
883

884
885
886

887
888

889
890
891

892
893

894
895

Kanji, M.A., Cruz, P.T., Massad, F., 2008. Debtmf affecting the Cubatéo oil refinery,
Brazil. Landslides 5(1), 71-82.

Larsson, S., 1982. Geomorphological effects orstbpes of Longyear valley, Spitsbergen,
after a heavy rainstorm in July 1972. Geografiska#ler Series A-Physical
Geography 64(3-4), 105-125.

Lorente, A. Begueria, S., Bathurst, J.QGarcia-Ruiz, J.M., 2003. Debris flow characteristics
and relationships in the central Spanish Pyrendatsiral Hazards and Earth System
Science 3(6), 683-692.

Luckman, B.H., 1992. Debris flows and snow avalan@mdforms in the Lairig Ghru,
Cairngorm Mountains, Scotland. Geografiska Ann8leties a-Physical Geography
74(2-3), 109-121.

Matthews, J.A., Shakesby, R.A., McEwen, L.J., Bédord, M.S., Owen, G., Bevan, P., 1999.
Alpine debris-flows in Leirdalen, Jotunheimen, Naswwith particular reference to
distal fans, intermediate-type deposits, and figmes. Arctic Antarctic and Alpine
Research 31(4), 421-435.

Morton, D.M., Alvarez, R.M., Ruppert, K.R., GofortB., 2008. Contrasting rainfall
generated debris flows from adjacent watershettzedst falls, southern California,
USA. Geomorphology 96(3-4), 322-338.

Norddalh, H., 1990. Late Weichselian and early ldefte deglaciation history of Iceland.
Jokull 40, 27-50.

Okuda, S., 1989. Recent studies on rapid mass naveimJapan with reference to debris
hazards. Studia Geomorphologica Carpatho-Balcé&8c&-22.

Prochaska, A.B., Santi, P.M., Higgins, J.D., Canr&#hi., 2008. Debris-flow runout
predictions based on the average channel slope )AL gineering Geology 98(1-2),
29-40.

Rapp, A., 1960. Recent development of mountaineslop Karkevagge and surroundings,
northern Scandinavia. Geografiska Annaler Serié¥sical Geography 42(2-3), 65-
200.

Rapp, A., Stromquist, L., 1976. Slope erosion duextreme rainfall in the Scandinavian
mountains. Geografiska Annaler Series a-Physicab@phy 58(3), 193-200.

Rapp, A., Nyberg, R., 1981. Alpine debris flowsimrthern Scandinavia - morphology and
dating by lichenometry. Geografiska Annaler SefieBhysical Geography 63(3-4),
183-196.

Rickenmann, D., 1999. Empirical relationships febds flows. Natural Hazards 19(1), 47-
77.

Santi, P.M., deWolfe, V.G., Higgins, J.D., Cann8tHl., Gartner, J.E., 2008. Sources of
debris flow material in burned areas. Geomorpho@gy310-321.



896
897
898

899
900
901

902
903

904
905

Scheidl, C., Rickenmann, D., Chiari, M., 2008. Tise of airborne LIiDAR data for the
analysis of debris flow events in Switzerland. NMakiHazards and Earth System
Sciences 8, 1113-1127.

Staley, D.M., Wasklewicz, T.A., Blaszczynski, J&)06. Surficial patterns of debris flow
deposition on alluvial fans in Death Valley, CAngiairborne laser swath mapping
data. Geomorphology 74(1-4), 152-163.

Wilkerson, F.D., Schmid, G.L., 2008. Distributiohd®bris flows in Glacier National Park,
Montana, U.S.A. Journal of Mountain Science 5(48-326.

Zanuttigh, B., Lamberti, A., 2007. Instability asdrge development in debris flows.
Reviews of Geophysics 45(3) .



906
907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

Figure legends

Fig. 1. Inset: Map of Iceland showing location of main gegthick grey box). Main:
hillshade representation of the NERC ARSF’s LiDA&alcollected in 2007 for

Sugandafjorour and Skutulsfjérour, with locationd=ig. 2 marked A, B, C.

Fig. 2. Air photographs of the study area obtained by NEEERSF in 2007, with debris

flows in this study marked with black outlines. @mns are at 20-m intervals. (A) Debris
flows 8DF and 10DF are located on the east sid&ighndafjordur, north of Botn on the
road to Selardalur. (B) Debris flow 5DF is locatedhe south of Hnifsdalur above the valley
road. (C) Debris flows 1DF, 2DF, 3DF, 4DF, and 7&E located above the town of
isafjordur, sourced from the Gleidarhjalli benchhit arrows indicate the extents of the two

main drainage ditches mentioned in the text.

Fig. 3. A schematic oblique three-dimensional illustratadrinow analysis was performed by
segmenting the debris flows along-track. This fegshows debris flow 1DF, which has been
split into segments 5 m wide at the channel cediriee-Summary statistics were derived for
each of the segments from underlying data set$, asicsopach maps of erosion, deposition,

and an underlying DEM.

Fig. 4. (A-C) Maps of the spatial relation between erosiad deposition as derived by
differencing the LiDAR generated topography frora gost-flow DEM for debris flows
10DF, 8DF, and 7DF, respectively. (A’-C’) Maps tbe same flows, however, the base-
topography used for differencing was derived bygKrinterpolation over the area of the

debris flow (method described in section 2.3).



931 Fig. 5.(A) Long profile and isopach map of debris flow 5B) Long profile and isopach
932 map of debris flow 1DF. Contours on the isopachsrae at 5-m spacing. MA10 in the long
933 profiles is the abbreviation for Moving Average oi® data points. Black points correspond
934 to elevation on the right-hand axis, and pink/lpoets correspond to slope represented on
935 the right-hand axis.

936

937 Fig. 6. Box-plots showing the distribution of normalisegmesentative deposition thickness
938 (A) and representative erosion thickness (B) thédenplotted in 2° slope bins. Normalised
939 thickness is calculated by taking the thicknesthefflow in a given segment and dividing it
940 by the total thickness for all segments (describetktail in section 2.4). All data from all
941 debris flows are included. The boxes representitsteand the third quartiles of the

942  distribution, with the black bar marking the medi&he narrow bars mark the maximum and
943 minimum of the distribution, with the circle symbakpresenting “mild” outliers (between
944 1.5 and 3 interquartile ranges beyond the bars}landtars representing “extreme” outliers
945 (above 3 interquartile ranges beyond the barsg érbsion slope threshold of 19° is marked
946 by a vertical line in (B). In (A), X marks the ieg where data are artefacts from the

947 interpolation technique, rather than a true sighhis problem occurred within the alcoves.
948

949 Fig. 7.(A) The base of the northernmost debris flow sodiftem Gleidarhjalli bench. (B)
950 The base of debris flow 4DF. White arrows indidhie extent of the eroded channels. (C)
951 Large black arrows indicate locations of photos §Ajl (B) on a slope map of the 5-m DEM,
952 with small black arrows showing increases in Iatape that correspond to erosional sections
953 picked out by the white arrows in (A) and (B).

954
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Fig. 8. Plot of the total travel distance predicted far trebris flows in this study by the
empirical relationships derived by Rickenmann ()%&d Lorente et al. (2003), against our
measured total travel distance for the same débwis. Rickenmann-1 refers to the
relationship given in Eq. (1); Rickenmann-2 to B); Lorente-1 to Eq. (3), and Lorente-2 to

Eq. (4). The diagonal line is the equality lxey.

Fig. 9. Graph showing normalised cumulative depositiookihessZnagainst cumulative
average slopé, for all the debris flows in this study. The curvesd in each of the models
are 1 — exponential fit to debris flow 2DF, 2 —elam interpolation of data from flow 5DF, 3 —
sigmoidal curve fitted to flow 1DF to delineate tiygper limit of the envelope of curves, and
4 — sigmoidal curve following the lower limit ofélenvelope of curves, derived by

translating curve 3 along thxeaxis. See section 4.1 and appendix B for detalils.

Fig. 10.Graphic displaying the air photo mosaic of Isafjiréaken by NERC ARSF overlain
with model debris flow paths derived from differentrves fitted to the normalised
cumulative deposition thickness against cumuladiverage slope plot (Fig. 9), using starting

values given in Table 6, column 1. Arrows in upledt refer to tracks in Table 6.
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Table 1

Dates of activity of the debris flows and datesufveys described in this stidy

Date June June spring summer spring 2008 summer 2008
1999 2006 2007 2007
2DF (1) LIDAR  7DF (2DF¥)

Event 3DF (4) 1DF 5DF and GPS 8DF GPS Survey
4DF (5) survey  10DF

®See Fig. 2 for geographical locations of numbesatid flows. Numbers in brackets
indicate the debris flow identification number ir€ulne et al. (2005) and * indicates debris
flow occurred along the same track as the delwig ih the brackets.



979
980
981
982

Table 2

Summary of estimated measurement and processimggamerated during GPS data
collection and processing.

Vertical Error (m)

Horizontal Error (m)

Human Error 0.05 0.05

GPS calculation error max = 0.121 max = 0.043

-wobble of antenna mean = 0.01 mean = 0.005

-constellation of satellites

(number and position)

LIDAR ~ 0.25 (extremes up to 2 ~1-2
considering the horizontal error

LIDAR (post adjustment) ~0.1 <0.25

Kriging Error 1DF

Variable, max = 0.85, mean =
0.11

Not calculated

Kriging Error 5DF

Variable, max = 0.42, mean =
0.07

Not calculated

Kriging Error — GPS only

max ~ 1.0 mean ~ 0.3

Not calculated

Kriging Error —LiDAR + GPS

max ~ 1.4 mean ~ 0.5

Not calculated

Kriging Error — from buffer

max ~ 1.6 mean ~ 0.9

Not calculated




983 Table 3
984 Summary of materials and drainage areas for eatttealebris flows in this study.
985

Debris Source material Estimated Estimated angularity Upstream
flow ID clast-size range percent area
(estimated fines
median) m
1DF Glacial deposits 0.01-4(0.3) b ded
2DF Glacial deposits 0.01- 4 (0.3) subrounded 5 eizarhjalli
Glacial deposi 0.01-4(03) 030 o bench
3DF ac!a epos!ts .01-4(0.3) subangular
4DF Glacial deposits 0.01-4(0.3)
5DF  Talus and soil 0.01- 0.2 (0.05) 30-50 mainly Rock chute
angular

Weathering of bedrock
and reworked material < subangular
8DF Weathering of bedrock 0.01 - 0.8 (0.1) to angular
10DF Weathering of bedrock 0.01 - 0.8 (0.1)

7DF 0.01-1.5(0.2)

Rock chute




986 Table 4
987 Summary of measured and estimated volumes andhbe measured parameters of debris
988 flows in this study

989
Debris Measured Measured Estimated Estimated Elevation Length Area Mean
Flow ID deposition erosion deposition erosion n¥  Drop (m)  (m) (md)  Width
m? m? m® (Standard (m)

(Standard  (Standard (Standard Error)
Error) Error) Error)

1DF ?iogg) " ?ilsgoo/g 301 756 oo, 26
2DF (210103?4%) (1166200/3 322 B g 19
3DF (110102040 " ?ffgoo 39 728 9327 13
5DF (lff%o " ?iogl% ) 88 198 1427 7
DF* ?101005%) ?101060%) (5t07()6%) 54_970(%/0) 394 721 3858 9
8DF* (1105920/0) :(2101095%) (7101000%) (7101023%) 571 797 3192 7
10DF* (g1 (a10s%)  (s8B%) (o) 5 86 4029 10

990 *indicates that the calculations performed doinolude the debris flow source areas.
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Table 5

Comparison of the results of Decaulne et al. (20@#) those from this study

Debris Decaulne et al. Deposition Deposition from  Deposition Deposition

Flow ID  (2005) (m®) — this linear lower extrapolated  extrapolated
estimated study surface (n?) - from all cross  from 3 cross
deposition (nT) this study sections (M) - sections (M) -

this study this study

1DF - 8287 (£66%) 11 584 7977 8359

2DF (1) 3000 1925 (¥134%) - 1770 2804

3DF (4) 1000 1119 (¥124%) - - -

5DF - 136 (+136%) 128 - -

7DF - 562 (¥160%) 531 - -

8DF - 211 (¥195%) 918 - -

10DF - 495 (+105%) 806 - -

994 *Numbers in brackets in the first column indicate debris flow identification number in

995

Decaulne et al. (2005).
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Table 6

Model results for three example flows, marked an ED, showing depth of the simulated
flow on reaching buildings for various starting wwoiles and planimetric aréas

Starting volume (nT) : 8287 : 16 000 15 000 : 30 000 20 000 : 30 000
area (nf)
model 1 (m) 0 0 0
model 2 (m) 1.22* 1.22* 1.5*
flow 1
model 3 (m) 0 0 0
model 4 (m) 1.16* 1.16* 1.6*
model 1 (m) 0 0 0
model 2 (m) 0.96 0.96 1.28*
flow 2
Ve model3(m) 0 0 0
model 4 (m) 0.73 0.73 0.97
model 1 (m) 0 0 0
model 2 (m) 0.99 0.99 1.32*
flow 3
model 3 (m) 0 0 0
model 4 (m) 0.12 0.12 0.16

*The first data column shows results from usingwbleme and area for debris flow 1DF in
the models. Starred entries indicate where théuleiss of the flows is > 1 m.



1002 Table 7

1003 Parameter values derived from least squares fits of functions given by Eqgs. B5-B7 with their
1004 associated errors

1005
Equation Parameter Value Error
B5 A 0.03267 0.01601
B5 B 1.87617 x19  1.54541x16
B5 C 2.21702 0.1269
B6 A 35.04498 0.17543
B6 B -8.52036 0.3586
B7 A 0.9834 0.00339
B7 B -0.03816 0.00453
B7 C 36.30119 0.01725
B7 D 1.00308 0.01641
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Figure 3
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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