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Abstract. Debris flows, triggered by extreme precipita- 1 Introduction

tion events and rapid snow melt, cause considerable dam-

age to the Norwegian infrastructure every year. To defineA debris flow is a form of rapid mass movement in which
intensity-duration (ID) thresholds for debris flow initiation @ combination of loose soil, rock, organic matter and water
critical water supply conditions arising from intensive rain- mobilize as a slurry that flows downslope (Innes, 1983; Rick-
fall or snow melt were assessed on the basis of daily hydro€nmann and Zimmermann, 1993; Hungr et al., 2008). Debris
meteorological information for 502 documented debris flow flows are commonly triggered by intense surface-water flow
events. Two threshold types were computed: one based ofaused by heavy precipitation or rapid snow melt, leading to
absolute ID relationships and one using ID relationshipsthe erosion and mobilization of loose soil or rock on steep
normalized by the local precipitation day normal (PDN). slopes. This means that three basic requirements have to be
For each threshold type, minimum, medium and maximumfulfilled simultaneously for them to occur: presence of steep
threshold values were defined by fitting power law curvesslopes, availability of unconsolidated sediments and loose
along the 10th, 50th and 90th percentiles of the data popumaterial, and unusually high supply of water (Innes, 1983;
lation. Depending on the duration of the event, the absolutdverson, 1997; Frattini et al., 2009). Debris flows start fre-
threshold intensities needed for debris flow initiation vary be-quently as shallow slides in nearly-saturated soil that turn
tween 15 and 107 mm day. Since the PDN changes locally, into flows. The high water supply causes saturation and loss
the normalized thresholds show spatial variations. Dependof suction in unsaturated soils as well as a rapid increase in
ing on location, duration and threshold level, the normalizedPore pressure in saturated soils, leading to a decrease in the
threshold intensities vary between 6 and 250 mntdayhe shear strength of the sediments and triggering of the initial
thresholds obtained were used for a frequency analysis o$lide. It also plays a key role in the transition of the slide to
over-threshold events giving an estimation of the exceedanc80w.

probability and thus potential for debris flow events in differ- ~ Nearly all debris flows are triggered by hydro-
ent parts of Norway. The absolute thresholds are most oftefineteorological events, such as intense storms, prolonged
exceeded along the west coast, while the normalized thresHainfall and snow and glacier melt. However, on rare oc-
olds are most frequently exceeded on the west-facing slopegasions, geological events such as earthquakes or volcanic
of the Norwegian mountain ranges. The minimum thresh-disruptions also trigger debris flows (Innes, 1983; Keefer,
olds derived in this study are in the range of other thresholdst984; Wieczorek, 1996; Rebetez et al., 1997; Crosta, 1998;
obtained for regions with a climate comparable to Norway. Wieczorek and Glade, 2005). The most common triggers
Statistics reveal that the normalized threshold is more relifor debris flows in Norway are intense rainfall and rapid
able than the absolute threshold as the former shows no sp&how melt leading to high soil saturation and severe surface
tial clustering of debris flows related to water supply eventsand subsurface runoff (Sandersen et al., 1996; Nadim et al.,
captured by the threshold. 2009).
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On a regional scale, it is common to estimate the local8 % of the mean annual precipitation (MAP) during 1 day. In
debris flow potential from statistical analysis of past trig- practice, the threshold suggested by Sandersen et al. (1996)
gering rainfall/snow melt events (Caine, 1980; Wieczorekturns out to be too high for issuing warnings (T. Humstad,
and Glade, 2005; Guzzetti et al., 2007, 2008). Intensity-personal communication, 2011). Cepeda et al. (2010) derived
duration (ID) thresholds are based on the assumption that threshold for debris flows in the small Norangselva catch-
for a given duration, there exists a specific minimum rain- ment located at the northwestern coast of Norway. He found
fall intensity above which debris flows are likely to be trig- that rainfall intensities exceeding 17 mm in 1 day might trig-
gered (Wieczorek and Glade, 2005). The so-called minimunger debris flows. However, this threshold is very local and
threshold, sometimes referred to as the “safety threshold”, i£annot be extrapolated to the entire country.
the lowest level below which a process is very unlikely to  The aim of this study was, therefore, to derive intensity-
occur (Guzzetti et al., 2007; Baum and Godt, 2010). In mostduration (ID) thresholds for debris flow initiation in Norway
cases the intensity needed to trigger a debris flow, howevehased on a large statistical data population. A comprehensive
substantially exceeds the minimum threshold (Innes, 1983)database with over 600 debris flow events recently became
This is why the maximum ID threshold is also of interest. available as well as gridded data providing spatially continu-
The maximum threshold defines the level above which a pro-ous information on water supply for the entire country. Both
cess almost always occurs (Guzzetti et al., 2007; Dahal andata sets in combination provide the unique opportunity to
Hasegawa, 2008). estimate critical initiation conditions. We assume that the in-

Generally it can be observed that the wetter the regiontegration of the factor snow for the definition of critical water
the higher is the threshold for the intensity that is likely supply ID relationships will enhance the temporal accuracy
to trigger debris flows (Innes, 1983; Guzzetti et al., 2007; of the hydro-meteorological information.

Nadim et al., 2009). This relationship reflects the adjustment

of the slopes to the long-term precipitation regime (Wilson ,

and Jayko, 1997; Nadim et al., 2009). To account for this?2 Data basis and method development

spatial variability Cannon and Ellen (1985) introduced mean - :

annual precipitation (MAP) to normalize the critical ID re- 2.1 Digital elevation model (DEM)

lationship. However, in recent years several studies showeg,, digital elevation model (DEM) used in this study is

that the norma_lization with respect to MA_P_mi_ght _be i_nad- provided by the Norwegian Mapping Authority (Statens
equate. Even if the total amount of precipitation is higher o tverk 2011) and has a resolution of 16a10m. The

in one region than in another, the average daily rainfall on &g|eyation information is based on contour lines, elevation
rainy day might be less (Wieczorek and Glade, 2005). Wilsonysints, coast lines, river lines and water surface polygons. In

and Jayko (1997) suggest, therefore, using the rainy day nofs 5 jated areas the underlying contour lines have a spacing

mal (RDN), i.e., the amount of precipitation typically falling ot 5y (corresponds to FKB-H5 map) while unsettled areas
on a day with precipitation. They show that the RDN is @ 416 covered by contour lines with a spacing of 20 m (corre-
better normalization parameter since it reflects the COMMONyy4nds to N50 map). The uncertainty in elevation informa-
intensities in a climatic region and correlates with moderatey;,, ranges between 2 m and 6 m depending on the location
storms that might trigger debris flows. and quality of the underlying data in settled and unsettled ar-

In many parts of Norway, debris flows pose a serious threag 55 respectively. The DEM covers all of mainland Norway

to buildings and transport infrastructure. The Norwegia”including the coastal islands (Statens Kartverk, 2011).
Public Road Administration (NPRA) reports that one third of

all registered mass movements (including snow avalanches) 2  Gridded hydro-meteorological data

resulted in total or partial road closures. Among the different

mass movement types, debris flows had the largest consell climate data used for this study are provided by the Nor-
quences for road infrastructure (e.g., 25% of all pavementvegian Meteorological Institute (met.no) and the Norwegian
damages connected to mass movements were caused by d&ater and Energy Directorate (NVE) (Engeset et al., 2004;
bris flows). Debris flows are often related to extreme precip-Tveito et al., 2005; available viaww.seNorge.np The cli-
itation and flood events. In autumn 2005, the two extrememate grids extend in time back to 1957 and are updated on a
precipitation events “Kristin” and “Loke” triggered together, daily basis. The maps are created from daily observations of
for example, almost 100 debris flows in Norway (Bjordal and temperature and precipitation interpolated to a 1kfkm
Helle, 2011). grid (hereafter referred to as climate grids).

Using a small sample of 30 debris flow events, Sander- The temperature grid is interpolated from daily tempera-
sen et al. (1996) derived an intensity-duration threshold forture measurements reported by 235 meteorological stations
debris flow initiation in Norway based on average intensitiesusing residual kriging. Since meteorological stations are un-
calculated from the total amount of precipitation over subjec-derrepresented at higher elevations the interpolation method
tively chosen critical durations. Their threshold indicates thatincorporates assumptions about the temperature lapse rate.
debris flows initiate as soon as the precipitation sum equalfesidual kriging was found to be a good method to account
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for the lack of information at higher elevations, except during Raster information regarding the precipitation day normal
inversions in winter (Tveito et al., 2005). (PDN) is used for normalization:

The precipitation grid is interpolated from daily pre-
cipitation measurements reported by approximately

400 meteorological stations and corrected for the wind-,nare MAP is the mean annual precipitation and APD the

related gauge undercatch of snow (Tveito et al., 2005).5erage number of precipitation days per year (Fig. 1).
The spatial interpolation of precipitation was conducted The precipitation day normal is an indicator for the in-

by applying irregular triangular networks (TINs) for the o qir with which water is supplied over a year and repre-
parameters precipitation and elevation. Both TINS Wereggiq'the hydrological conditions the landscape of a region is
combined and transformed into 1 kel km grids by adding adapted to. The main difference from the rainy day normal

a vertical precipitation gradient of 10% for every 100m ppy s that, besides rainfall, also water supplied by snow
altitude up to 1000m a.s.l. At elevations higher than 1000 Mot g considered. The PDN was calculated for the normal

a.s.l., the vertical precipitation gradient is estimated t0 bejering 1961-1990 and extracted for all debris flow locations.
5% for every 100 m altitude (Tveito et al., 2005). There

are few meteorological stations at higher elevations and the 4  Slide database
precipitation would be underestimated without accounting
for this altitude correction (Fgrland, 1979). The temperatureThe Norwegian slide database, which records instances of
and the precipitation grids serve as input to a snow modekhll types of landslides as well as snow avalanches, consists
that calculates the changes in the snow conditions due tof almost 33 000 entries (Jaedicke et al., 2009, available via
temperature and precipitation (Engeset et al., 2004). Thevww.skrednett.np Information on the recorded slides was
snow model uses a relatively simple process-based method tgathered primarily from the national road and railway author-
calculate the snow water equivalent, snow depth, snow bulkties, but also from governmental organizations and consult-
density and liquid water in snowpack. Evaluation showeding firms who are in charge of post-slide investigations. All
overestimation of the snow water equivalent and snow bulkdata are stored within a GIS point layer providing informa-
density. These systematic biases can be reduced by usirtgpn on time of occurrence, location and type of movement.
relative units instead of absolute values. Generally, the snowror some of the slides more detailed information such as the
model was found to be a good way to produce national snowun-out distance or the slide volume is also given. Within the
maps of high spatio-temporal resolution (Saloranta, 2012). slide database, 710 events are recorded as single debris flow
events at their point of deposition. The dates of the docu-
2.3 Derivation of water supply (WS) data mented events range from 1900 to 2008 with a clear peak of

] i i recorded events between 1979 and 2007. The accuracy of the
The hydro-meteorological conditions in advance of each deygprted event times is given as additional information and

bris flow are extracted from national grids showing informa- yifrers widely from event to event. In total, 648 events docu-
tion on “rain and snow melt”. This data will be referred to as ,anted between 1976 and 2008 were used for this study all
water supply (WS) throughout this paper. This water supplyot \hich had an event time accuracy of 30 minutes or less.
represents the amount of available water on one day in Milgig e 2 shows the spatial distribution of these 648 debris
limeters [mm] derived from rainfall and snow melt “on-site” {15,y A cluster of documented debris flows is clearly observ-
at a specific location (as compared to the flow accumulationyp|e on, the west coast of the country where the mean annual
which also considers run-off related supply from upstreamy o cisitation is high and deeply incised fiords are prominent.
areas). Information on water supply is available on a daily” 14 exract the relevant information for the triggering con-
basis and sums up the actual amount of rainfall on that spegjions of a specific debris flow, the hydro-meteorological
cific day plus the amount of released snow melt water ongqngitions at the initiation area in advance of the debris flow
days with temperatures abové®©. However, on days with  oyent have to be known. Since the debris flow locations were
temperatures below @, the amount of water provided by 5,511y recorded at the area of deposition, it was necessary
precipitation is temporarily stored. This stored water is firsty, ye|ocate these debris flow points to their potential initia-
released to the cell when the temperature rises ab6@ 0 o areas (Fig. 3). To identify the most likely initiation ar-
Over an entire hydrological year, the sum of precipitation g5 the watershed for each documented debris flow point
and the sum of water supply should be equal since all wayyith a buffer of 100 m radius) was calculated. The criteria
ter stored in the form of snow is going to be released duringso, finging the likely initiation points within this watershed
spring and summer. During the winter season, however, Wayere hased on slope, elevation and flow length with respect
ter provided by snow can be released with a significant timéyg, ¢ gocumented deposition point. Cells with slope of more
delay (Wieczorek, 1996; Wieczorek and Glade, 2005; Jakot{han 2% were extracted from the watershed=a8 known
and Weatherly, 2003). as a likely minimum slope inclination for debris flow initi-
ation (e.g., Rapp and Nyberg, 1981; Innes, 1983; Zimmer-
mann, 1990; Rieckenmann and Zimmermann, 1993; Hungr

PDN = MAP/APD (1)
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Fig. 1. Grids used for normalization of water supply data at debris flow locations: the precipitation day normal (PDN) is calculated by
dividing the mean annual precipitation (MAP) by the average number of precipitation days per year (APD) and represents the typical amount
of precipitation on a precipitation day.

et al., 2008). For the remaining potential initiation cells, the al., 2007). In order to define event durations more objectively,
flow length to the reported deposition point was calculated.we extracted the relevant time-dependent data directly from
From the database, a travel distance of 2500 m was identifiethe gridded precipitation data (see Sect. 3.2). Thereby we ob-
as the longest documented travel distance for a debris flowained the critical water supply duration by using the maxi-
in Norway. However, only 6 of the 648 entries contained in- mum average intensity [mm day] prior to each debris flow
formation on travel distance. A literature review showed thatevent, also known as the maximum antecedent water sup-
travel distances of debris flows exceeding 3000 m are ratheply (Table 1).

unlikely (Hungr et al., 2008). Cells with flow lengths of more

than 3000 m were, therefore, excluded. The highest point iiD = maxWSc/D) ~ D (2)
the extracted initiation area was then selected as the initiation . _ _ ) ) )

From the 648 debris flow initiation points a number of threshold definition, W& is the cumulative water supply in
502 could be used to extract water supply information for thethe time period prior to the debris flow and D is the corre-
event day 4 weeks (28 days) before each debris flow evengPonding duration in days. Intensity-duration relationships
146 records had to be discarded due to missing water supply’ere calculated for each day in four weeks (28 days) in ad-
information or low data quality (see Sect. 5.1). vance of each debris flow event and the maximum value was

chosen for threshold definition.

2.5 Definition of intensity-duration (ID) relationships 26 Threshold definition

To define a valid intensity-duration (ID) threshold, it is nec- The intensity-duration (ID) relationships for the 502 debris
essary to determine the critical intensities related to duration$low events served as input for the definition of minimum,
of the rainfall and/or snow melt events which triggered debrismedium and maximum thresholds. All three threshold lev-
flows. The choice of the duration is often done by a subjec-els are calculated for the absolute and normalized intensi-
tive definition of the triggering events, e.g., from the approx- ties over a range of 1 to 7 days and can only be applied
imate point in time where heavy rainfall started (Guzzetti etover this period of time. For longer durations the amount of
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Fig. 2. Spatial distribution of the 648 debris flows analyzed in this study; temporal coverage of analyzed-e¥6it-2008.

data is too low to achieve a reliable threshold curve. Powemvater supply intensities in the very low range to be poten-
laws of the form k=a * D” are the most common forms for tially wrong for one or the other reason). The minimum
ID threshold curves described in the literature (Guzzetti etthreshold was obtained by calculating the 5th and the 15th
al., 2007; Brunetti et al., 2010). The ID relationships de- intensity percentiles for 1 to 7 days duration applying a 3-day
fined by this function are linear in a log-log plot. The abso- moving average filter to the intensity-duration relationships.
lute threshold plot shows the absolute water supply intensityThe method used for the definition of the medium and max-
[mm day 1] over the corresponding duration (Fig. 4), while imum thresholds was similar. The medium threshold aims to
the normalized plot shows the absolute water supply intencapture 50 % of the obtained ID relationships. Accordingly,
sity [mm day 1] divided by the local precipitation day nor- the threshold curve was fitted through the 3-day moving av-
mal (PDN) and plotted against the duration (Fig. 5). As notederage of the 45th and the 55th percentiles over 7 days of du-
before, normalization was carried out to account for differ- ration. The maximum threshold aims to capture 10 % of the
ences in local climate. ID relationships and accordingly the 3-day moving average
Data on non-events would have been of help to handle unef the 85th and the 95th percentiles are used. Comparable
certainties related to the event database (see Sect. 5.1). Uapproaches that use percentile regressions for threshold defi-
fortunately such data were not available and we decided taition are performed by, e.g., Guzzetti et al. (2007) and Saito
aim for a minimum threshold that captures approximatelyet al. (2010).
90 % of the 502 obtained ID relationships (allowing obtained
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Table 1.Individual series of antecedent water supply data for a debris flow event that occurred near Vang (central Norway) on 04.05.2008:

The cumulative water supply [mm] and the corresponding average intensities [mrHdag calculated for the 28 days in advance of an
event. The found maximal cumulative average intensity /8 and the corresponding duration (D) (printed bold) are used as input for the
threshold definition.

Duration [day] Water supply Cumulative water supply = Cumulative average intensity

) [mm] (WS)  [mm] (W) [mm day~*] (WSc/D)
1Event 13 13 13
2 23 36 18
3 33 69 23
4 38 107 27
5 21 128 26
6 23 151 25
7 20 171 24
8 8 179 22
9 0 179 20
10 0 179 18
[..] [..] [..] [..]
28 38 207 27
Watershed — Minimum threshold
Medium threshold
o . —— Maximum threshold
38
Initiation h
=)
: Area =
T > 25° % o
-, 9 w7
£
P E
/ =
! @
/ @
! E
! Flow path 9 8
' C3000m g ©

10

Duration [days] (log)
Deposition = Horm . . C e .
Fig. 4. Absolute ID threshold curves for debris flow initiation ob-
tained from the water supply (WS) intensity 3-day moving aver-
age of the 5th and 15th percentiles (minimum threshold), the 45th

Fig. 3. Schematic illustration of the parameters used for the reloca-3ng 55th percentiles (medium threshold) and the 85th and 95th per-
tion of recorded debris flows from the deposition to a likely initia- centjles (maximum thresholdy) & 502).

tion area.

cur. The three threshold levels are marked by the color code

- . reen, orange and red, which is common for indication of
In our study the minimum threshold is interpreted as theg g

. . . : . . ._different warning levels in natural hazard research. Different
lowest intensity-duration relation that is able to trigger debris . . . ;

. .warning levels in an early warning system are able to define

flows. However, occurrences below this threshold are possi-,.

: . different levels of preparedness.

ble as the lowest intensity values were left out due to uncer-

tainties related to the data quality. The medium threshold is

interpreted as the intensity-duration relation that is likely to

trigger debris flows, whereas the maximum threshold indi-

cates the intensity above which debris flows will always oc-
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Table 2. Critical water supply (WS) intensity calculated from the

- m‘m‘:ﬂm:‘:imd absolute minimum, medium and maximum ID threshold over dura-

2 . s | —— Maximum threshold tions of 1, 3 and 7 days.

'

N Duration [day] Critical WS intensity [mm deTyl]

Y Minimum Medium Maximum
o

' 1 23 60 107

: 3 18 34 57

i 7 15 22 35

'

H

Table 3. Range of critical water supply (WS) intensities calculated
from the normalized minimum, medium and maximum ID thresh-
old over durations of 1, 3 and 7 days. Different threshold intensities
result from spatial variation of the precipitation day normal (PDN)

WS intensity [mm/day] / PDN (log)

T (see Fig. 1).
! | | I ‘ | ‘ Duration [day] Critical WS intensity [mm dayl]
1 2 3 4 5 6 7 Minimum Medium Maximum
Duration [days] (log) 1 9-63 18-131 35-250
3 7-49 10-75 19-137
Fig. 5. Normalized ID threshold curves for debris flow initiation. 7 6-40 7-48 12-86

Water supply (WS) intensities were normalized with the precipita-

tion day normal (PDN). The curves were obtained from the 3-day

moving average of the 5th and 15th percentiles (minimum thresh-steepest slope. This implies that the water supply intensity to

old), the 45th and 55th percentiles (medium threshold) and the 85thrigger debris flows has to be significantly higher in the short-

and 95th percentiles (maximum threshold)x 502). term than in the long-term. The medium threshold curve and
the minimum threshold curve imply smaller differences in

3 Results threshold intensity over time.

31 Absolute ID threshold 3.2 Normalized intensity-duration threshold

The obtained normalized ID thresholds are represented in

The obtained absolute ID thresholds are represented in Fiq:ig 5 can be described with the following equations:

4 and can be described with the following equations:

_ -0.24

—-0.51
Ivep = 60.1 x Dggy& (4)  ImMep/PDN=4.51x Dy, (7)
lwax = 107.2 x D35> (5)  Imax/PDN=2866x D;2.>° (8)

where Min is the lowest threshold level of water supply where \n is the lowest threshold level of water supply in-
intensity in mmday?! above which debris flow initiation tensity [mm day?l], Imep is the intermediate threshold level,
becomes possiblemkp is the intermediate threshold level Iyax is the highest threshold level, PDN is the normaliza-
above which debris flows become very likelyalk is the  tion parameter precipitation day normal angkfis the cor-
highest threshold level above which triggering of debris responding duration in days. Critical water supply intensities
flows is almost assured andi§) is the corresponding dura- calculated from the three thresholds over durations of 1, 3
tion in days. Critical water supply intensities calculated from and 7 days are represented in Table 3. Because of normaliza-
the three thresholds over durations of 1, 3 and 7 days are region with the local parameter PDN, the critical water supply
resented in Table 2. intensities obtained from the thresholds vary from location to
The negative exponent characterizing all three thresholdocation.
functions indicates that with increasing duration of water The spatial distribution of the normalized minimum,
supply, the intensity that is needed for debris flow initiation medium and maximum threshold over durations of 1, 3 and
decreases. Note that the three threshold curves show differeft days is shown in Fig. 6. In accordance with the spatial
slope angles with the maximum threshold curve showing thedistribution of the PDN (see Fig. 1), these maps show that

www.nat-hazards-earth-syst-sci.net/12/3059/2012/ Nat. Hazards Earth Syst. Sci., 12, 30853 2012
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Duration of water supply (WS)

1 day 3 days 7 days

s

o

Minimum

WS intensity
[mm/day]
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B 0- 100
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[ 140 - 160
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Fig. 6. Spatial distribution of the water supply (WS) intensity needed for debris flow initiation after 1 day, 3 days and 7 days of water supply
according to the normalized minimum, medium and maximum ID threshold.

Medium
\\
5

BN L
%
~
& ;

PDN-normalized threshold level

Maximum
.

the intensity needed for debris flow initiation is consider- the absolute minimum ID threshold intensity ranges between
ably higher near the Norwegian west coast than in the drie23 mmday?! over 1 day and 15 mmday over 7 days. In
eastern part of the country. The normalized minimum thresh-contrast, near the Norwegian west coast, the normalized ID
old ranges from 6 to 63 mm day, the normalized medium thresholds are two to three times higher than the absolute
threshold ranges from 7 to 131 mm ddyand the normal-  ID thresholds. This is related to extremely high PDN values
ized maximum threshold varies from 12 to 250mmday  of up to 29 mm day?. Thus, the average intensity on a nor-
depending on the specific location and the considered duramal precipitation day on the west coast is occasionally higher
tion (see Table 3). Obviously, the variation of the minimum, than the intensity needed for debris flow initiation given by
medium and maximum threshold intensities in areas with lowthe absolute ID threshold for 1 day duration (23 mmdgy
PDN is not as strong as the variation of the threshold intensi-This implies a very frequent debris flow activity or a thresh-
ties in areas with high PDN. This implies that the local PDN old that is too low for this wet region. This topic will be fur-
has a stronger impact on the threshold conditions in wettether discussed in Sect. 4.2.
areas than in drier areas.

For all three threshold levels, the spatial differences inwa-3.3  Frequency analysis of over-threshold events

ter supply intensity values become smaller for longer du- . N
rations. Especially in eastern Norway, the normalized ID !N order to estimate the probability of threshold exceedance,

thresholds are very low due to low PDN values. Thus,the annual frequency of water supply events with values
some parts of eastern Norway are characterized by a minhigher than the threSholdS Obtained was Calculated fOI’ the pe-

imum threshold of less than 10 mm dé-y In Comparison, riod 1981-2010 (appI’OXimately the periOd of time for which
debris flow data is available). Figure 7 shows the spatial
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Fig. 7. Spatial distribution of the annual average frequency of over-threshold water supply events calculated from the absolute minimum,
medium and maximum ID threshold for 1 day, 3 days and 7 days duration of water supply.

distribution of the annual average frequency of events abovéigher for the medium threshold, the annual average num-

the absolute minimum, medium and maximum ID thresholdsber of over-threshold events decreases and ranges between 0

for durations of 1, 3 and 7 days. Obviously the absolute min-and 77 events. The frequency decreases further for the max-

imum threshold is crossed most frequently. Furthermore, themum threshold and varies, depending on duration and loca-

threshold is more often exceeded along the west coast (in thiéon, between 0 and 51 over-threshold events. From Fig. 7 it

area approximately from Stavanger in the south to Bodg inbecomes clear that the threshold exceedance is more frequent

the north) and over longer durations. The absolute minimunmover longer durations than over shorter durations. The fre-

threshold over 7 days can locally be exceeded as often aguency of over-threshold events is highest in western, north-

160 times a year. However, the annual average frequency afrn and central Norway. Further differences in the spatial

over-threshold events decreases rapidly the higher the thresipattern of the exceedance frequency can be observed when

old level, the shorter the duration and the further east the locomparing the different threshold levels. Thus, the minimum

cation. Except at the very edge of the Norwegian west coastand medium thresholds are most frequently crossed along the

the maximum threshold for the duration of 1 day is hardly west-facing slopes of the mountain ranges. The maximum

ever exceeded. threshold has the highest exceedance farther east in the flat-
Like the absolute thresholds, the exceedance probabilityer interior as well as in the far north.

of the normalized thresholds was estimated from the an-

nual frequency of over-threshold events in the period 1981—

2010 (Fig. 8). The annual frequency of water supply events

that exceed the minimum threshold varies between 5 and

90 events depending on the location and the duration of water

supply. As the water supply intensity has to be considerably

www.nat-hazards-earth-syst-sci.net/12/3059/2012/ Nat. Hazards Earth Syst. Sci., 12, 30853 2012



3068 N. K. Meyer et al.: Hydrometeorological threshold conditions for debris flow initiation
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Fig. 8. Spatial distribution of the annual average frequency of over-threshold events calculated from the PDN-normalized minimum, medium
and maximum ID threshold for 1 day, 3 days and 7 days duration of water supply.

4 Discussion (b) the relocation of the event from the documented deposi-
tion point to a potential initiation point is incorrect; or (c) that
4.1 Data reliability the assumption regarding the triggering factor for debris flow

initiation is incorrect. The latter is true for debris flows that
Due to several |imitati0ns, 146 debris flow events had tOWere not induced by rainfa” or show melt but for examp|e by
be excluded. The two main criteria for exclusion where: hyman construction activities. However, the remaining data
(1) Data extraction from the grids was not always possiblegn 502 debris flow event were randomly checked manually
due to missing water supply information at correspondingsor plausibility and showed good correspondences regarding
debris flow locations. This is mainly due to the coarse gridheir occurrence in time and space.
resolution of 1 kmx 1 km and the fact that g”d cells with Genera”y, the qua“ty of the water Supply information is
adjoining open water surfaces were not processed in the gridirectly dependent on the quality of interpolation of the in-
interpolation. As a result much of the coastal area is not covpyt grids for temperature and precipitation. Local gaps of the
ered. (2) For several debris flows no water supply was regisstation network, the complex topography and the frequent oc-
tered for the time of two days in advance of the debris flow crrence of precipitation events in very local storm cells, are
event. Debris flows occurring after two dry days were consid-soyrces of uncertainty in the interpolated precipitation val-
ered as Unlikely and therefore excluded. Possible reasons qu'es_ In additiorh the temporal duration of extreme weather
weak correspondence between debris flow date/location andyents can be very short, occasionally lasting less than an
the corresponding water supply can be related to errors repoyr (Keefer et al., 1987). It is well known that the longer the
garding the debris flow input data or to the water supply grid period for which rainfall intensity is averaged, the smaller are

quality. The former can originate from (a) the fact that the the documented peak intensities (Guzzetti et al., 2007). Thus,
debris flow documentation is incorrect in time and/or space;
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to the infiltration and saturation capacity of the underlying
sediments. Areas where the triggering short-term water sup-
ply intensity is orders of magnitude higher than the threshold
intensity over longer periods should be characterized by a
1 rather thick soil cover. If the infiltration capacity is high such
B T T T e a soil cover buffers high water supply intensities over shorter
d - durations. As soil becomes saturated after long-lasting water
supply, considerably lower triggering intensities are needed
for debris flow initiation as in an unsaturated stage. Thus, the
initiation of a debris flow is highly dependent on the duration.
At locations with thinner soil cover intensities necessary for
debris flow initiation are lower over short durations but ap-
proximate similar intensities over longer durations. Less wa-
ter can be stored and, thus, antecedent water supply becomes
f 5 less important. Here the difference between short-term and
long-term threshold intensity is not as large.

The minimum threshold levels obtained in this study are in
Duration [hr] (log) the range of other minimum intensity-duration (ID) thresh-
olds described in literature (Fig. 9). In terms of the global

10.0
|
30

5.0
L

ES
Intensity [mm/hrJ/PDN (log)

2.0

Intensity [mm/hr] (log)
1.0

0.2

20 50 100 200

Fig. 9. The obtained absolute minimum threshold (1) and the ob- - .
tained normalized minimum threshold (13) (both red) in com- absolute minimum thresholds, the threshold introduced by

parison to a selection of other global (gray), regional and IocaIC:"_Jllne (_198(_)) IS ConSIde_rany higher than the threshold ob-
(black) minimum ID thresholds. References for absolute thresholdd@ined in this study, while the thresholds from Crosta and

in (a): Caine (1980) (2); Clarizia et al. (1996) (3); Crosta and Frat- Frattini (2001), and Guzzetti et al. (2008) are of comparable
tini (2001) (4); Guzetti et al. (2008) (5); Larsen and Simon (2003) magnitude and show a similar slope. The two regional thresh-
for Puerto Rico (6); Ceriani et al. (1992) for Lombardy, ltaly (7); olds obtained in tropical and Mediterranean regions (Ceri-

Baum et al. (2005) for Seattle Area, US (8); Jakob and Weath-ani et al., 1992; Larsen and Simon, 2003) are three to eight
erly (2003) (9), Moser and Hohensinn 1983 for Eastern Tyrol, Aus-times higher than the minimum threshold obtained for Nor-

tria (10); Montgomery et al. (2000) for Oregon, US (11); Cepeda etyway. However, our threshold compares well to the regional

al. (2010) for Norangselva, Western Norway (12). Reference forgndq |ocal minimum thresholds produced for temperate re-
normalized thresholds itb): Guzzetti et al. (2007) for mild cli- gions characterized by high annual precipitation, such as
mates (14) and Guzzetti et al. (2007) for highlands (15). Note thaty ot 1y in Austria, western Canada and the northwestern
durations are given in hours [h]. US (Moser and Hohensinn, 1983, Montgomery et al., 2000;
Jakob and Weatherly, 2003; Baum et al., 2005). The Nor-
the temporal resolution has a direct effect on the calculatedV€9ian west coast features a climate similar to northwestern

intensities: the lower the temporal resolution, the lower theNOrth America. That our threshold is of comparable magni-
average intensity. The spatial resolution of 1k km and tude as the thresholds obtained for these regions can act as

the temporal resolution of 1 day might be limiting factors for confirmation that the critical amount of rainfall/water sup-
the purpose of threshold definition. However, at the presenP!Y for debris flow initiation shows a relationship with the

time the data used in this study are regarded as the best avafommon regional climate. The low short-term intensities and
able on a national level (H. O. Hygen, personal communicalhe lower slope of our threshold curve compared to other re-

tion, 2011). gional threshold curves can be related to a high percentage
of bedrock area and a rather thin soil cover in large areas
4.2 Threshold performance of mountain Norway, along with relatively coarse-grained

glacially-derived sediments (Bogen, 1996). Thus, the wa-
Both the absolute and the normalized thresholds are charader storage capacity is inherently low and the difference in
terized by negative exponents and, thus, a log-linear decreaghreshold intensities over shorter and longer durations is rel-
of intensity over time. The requirement of high water supply atively small. However, a limiting factor for the occurrence
intensities over shorter durations corresponds to the comef debris flows is the availability of unconsolidated sedi-
mon observation that the short-term water supply has to benent and loose material. The magnitude of the minimum
considerably higher than the long-term water supply causinghreshold obtained in this study is further supported by the
debris flow initiation (Wieczorek and Glade, 2005; Godt et study conducted by Cepeda et al. (2010). For a small catch-
al., 2006; Guzzetti et al., 2007; Dahal and Hasegawa, 2008)ment on the Norwegian west coast, he found a threshold of
The relation between short-term and long-term water sup17 mmday? to be critical for debris flow initiation (see
ply causing debris flow initiation (expressed by the steepnes§&ig. 8a; hourly average value indicated by triangle symbol).
of the slope of a threshold curve) can be generally relatedsince his threshold does not account for water supplied by
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Fig. 10. Percentage of events captured by the absolute thresfel@sd the normalized thresholds) according to precipitation day

normal (PDN) classes: 5-10 mm, 10-15 mm, 15-20 mm, 20—-25 mm, 25-30 mm. Dark bars show the distribution of the entire number of
events over the five classes, while the colored bars show the percentage of those events captured by the minimum, medium and maximun
thresholds in each class respectively.

snow melt but merely for rainfall, it corresponds well with mal (PDN) and plotted against the total number of events in
the slightly higher threshold we obtained in this study. that specific class. The comparison of the number of cap-
The normalized minimum threshold obtained in this study tured events with the entire event population (both presented
is considerably lower than the two thresholds Guzzetti etas density bars in the histograms) enables the estimation of
al. (2007) proposed for mild mid-latitude and for mountain spatial clustering of captured and/or missed events for areas
climates in central and southern Europe (see Fig. 8b). licharacterized by a certain PDN.
turns out that, despite normalization, significant differences Figure 10a shows the capture of debris flow events by the
remain between regions. This mismatch is also assesseabsolute thresholds related to the corresponding PDN class
by Guzzetti et al. (2007). They point out that although the of the event location. Compared to the total number of debris
rainy/precipitation day normal is a good normalization pa- flow events within the lowest PDN class (5—-10 mm) it can be
rameter, regional differences in threshold levels might ariseobserved that the captured debris flow events are clearly un-
from true spatial variability, the lack of spatially equal data derrepresented by all three thresholds, which in turn implies
coverage and discrepancies in the method used for thresholthat the threshold levels might be too high for those dry re-
definition. However, it is observed that for longer durations gions. On the other hand, debris flow events in areas with
the intensities needed for debris flow initiation become morea higher PDN (15-20, 20-25 and 25-30 mm precipitation
similar. This tendency suggests that the local characteristicslay 1) are captured over proportionally often by the mini-
become less important for debris flow initiation the longer mum, medium and maximum thresholds and are, thus, over-
the duration of water supply lasts. represented in relation to the total number of events. Appar-
The comparison of the absolute and normalized minimumently, in these areas the threshold intensity is lower than the
threshold obtained in this study to other minimum ID thresh-water supply intensity that is actually needed to trigger debris
olds extracted from literature reveals that the threshold leveldlows. The underestimation of the threshold intensity results
obtained are reasonable. A further test of threshold reliabilityin a higher number of captured events but will also lead to
was conducted by statistical analyzes, as shown in the dera higher number of false alarms. Only the absolute thresh-
sity plots in Fig. 10. The minimum, medium and maximum olds in the moderately wet areas (PDN class 10-15 mm) per-
threshold levels calculated for the 502 debris flow events ardorm well in accordance with the total number of debris flow
compared to the actual ID relationship extracted for each deevents. Here, the minimum, medium and maximum thresh-
bris flow event to estimate the capture percentage of the difolds seem to fit the actual conditions that are needed for
ferent thresholds. These data are spatially grouped into fivelebris flow initiation. It is further noted that the density of
different classes according to the local precipitation day nor-debris flow events captured by the maximum threshold for
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all PDN-classes shows the strongest divergence in relatiomnnual precipitation (MAP) or the highest precipitation day
to the total number of events. The most probable reason fonormal (PDN) that have the highest hydro-meteorological
this discrepancy is the lower data density that is available forsusceptibility for debris flow initiation.
the analysis of the spatial reliability of the maximum thresh-
old (n = 71). 4.3 Uncertainty in thresholds

Figure 10b shows the total number of debris flow events . . )
compared to the number of events captured by the normal® critical issue related to v_vater supply thresholds is the.
ized thresholds, again classified according to the local PDN@SSessment of the uncertainty related to threshold defini-

It can be observed that debris flow events captured by thélon- This is especially true as such thresholds might be
minimum and the medium thresholds are in good agree_used for the design of debris flow early warning systems.

ment with the total number of events in all PDN classes.some (_)f this uncertainty is epistemic_ and can be reduce_d_as
The good fit indicates that the normalized minimum and™ore high quality data becomes available, but much of it is
medium thresholds are able to account for regional differ-2l€atory (natural) and can never be eliminated. The results
ences in critical threshold conditions for debris flow initia- ShOWn on Fig. 10 give some indication of the reliability (or

also confirms that there exists a dependency between locdected, these thresholds perform much better than other gen-

hydro-meteorological characteristics and threshold intensity€r2! (9lobal) thresholds presented in Fig. 9 for the conditions

However, the maximum threshold performs less well than the" Norway. However, the uncertainty in their performance is
minimum and medium thresholds. The number of captureos“” significant and its quant|f|c_at|0n is not stralghtf_orward.
debris flow events is strongly skewed towards the driest PDNCEPeda et al. (2010) and Medina-Cetina and Nadim (2008)
class (5-10 mm precipitation da}). Similar to the absolute discuss dealing with _uncertamty of rainfall thresholds in the
maximum threshold, this discrepancy can partly be a resulfONtext of early warning systems.

of the low data densityn(= 45), but it is most likely the

consequence of unrealisticly high threshold intensities (Uptas  conclusions

250 mm day?1) calculated for areas with high PDN. This is

confirmed by the low exceedance frequency of the normal-This study defines two sets of intensity-duration (ID) thresh-
ized maximum threshold along the Norwegian west coast an@|ds for triggering of debris flows in Norway. Using informa-

a higher frequency of over-threshold events in the east whergon on rainfall and snow melt the actual amount of supplied
estimated critical threshold intensities are lower (see Fig. 9)water was estimated in order to derive these thresholds. The
Thus, in very wet regions, the threshold intensity for debrisinclusion of snow melt in the analyzes represents a step for-
flow initiation is clearly overestimated. There seems to be anward as compared to earlier studies as this factor is regarded
upper limit for threshold intensities that will always trigger as highly important for debris flow initiation in Norway, es-
debris flows, and this upper limit appears to be lower thanpecially during spring time.

200 mmday. However, despite the overestimation of the  The main conclusions of our study can be summarized as
maximum threshold in wet areas, the normalized thresholdgollows:

clearly show a better performance than the absolute thresh-

olds. Thus, the normalized thresholds should be preferred — For both set of thresholds obtained in this study the
over the absolute thresholds for the purpose of early warning.  intensities needed for debris flow initiation decrease as
However, in any application of the results presented in this ~ the duration of water supply increases. However, the
paper, one should keep in mind that the frequency of over- Slope of the threshold curve is quite smooth indicating
threshold events might change significantly over relatively ~ the high portion of bedrock area and the rather thin soil
shorttime scales. This is related to the expected change inthe =~ COVEr.

spatial and temporal patterns of extreme precipitation events
in Norway due to climate change (Dyrrdal et al., 2011).

In summary the frequency analysis of over-threshold
events reveals that the absolute thresholds are most often ex-
ceeded along the edge of the Norwegian west coast, while the
normalized thresholds have the highest rate of exceedance on
the west-facing slopes of the central, western and northern
mountain ranges. Since the normalized thresholds were as-
sessed to be more reliable and the frequency analysis based— A statistical test of threshold capture percentage re-
on them can serve as an estimation of exceedance proba- vealed that the normalized minimum and medium 1D
bility, the western face of the mountain ranges is regarded  thresholds show the best performance when compared
as the most debris flow prone region of Norway. This im- to the actual distribution of debris flow events.
plies that it is not necessarily the areas with the highest mean

— Comparison with the scientific literature shows that
the minimum thresholds obtained in this study are in
the range of the thresholds obtained for regions with a
climate comparable to Norway (e.g., Western US and
Canada).
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