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ABSTRACT
Rainfall is the most important triggering factor responsible for the occurrence of debris flows in the Obří důl Valley in the Krkonoše 
Mts. The critical rainfall conditions for slope failures are not the same for different debris flows, and may be strongly influenced by 
regional geological and geomorphological conditions. Nevertheless, analysis of hourly intensities, daily rainfall, cumulative data and 
the antecedent precipitation index (API) revealed that several of the above-mentioned factors are necessary to trigger the debris 
flow. On the other hand, a significant amount of daily rainfall (e.g. 225 mm) could trigger a debris flow without the support of any 
other rainfall characteristics in the monitored area and period under review. We used several rain gauges from the study area but 
the local differences in rainfall were so high that data from more remote stations was difficult to include in the Obří důl Valley. This 
is why only a limited amount of precise data is available for some years.
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1. Introduction 

The main aim of the paper was to analyse rainfall 
data from several rain gauges in order to determine 
the rainfall threshold for triggering debris flows in the 
Obří důl Valley in the Krkonoše Mts. They have mor-
phological as well as precipitation preconditions for 
debris flow occurrence. Due to this fact debris flows 
were described in the Krkonoše National Park in the 
frame of inventory of geomorphological features since 
early 1970s (Pilous 1973). This type of gravitational 
movement has been described in detail and analysed 
with respect to the genesis by Pilous (1973, 1975 and 
1977). The Obří důl Valley has the largest occurrence 
of debris flows in the Krkonoše Mts. It is a well-devel-
oped glacial valley between Sněžka Mt. (the highest 
mountain in this range) and Pec pod Sněžkou Mt. The 
position of the surrounding mountains is clear from 
Fig. 1. Glacial modelling of headwalls and nivation hol-
lows in the Obří důl Valley was analysed by Šebesta 
and Treml (1976), who studied debris flows in land-
scape development. 

Debris flow paths in the Krkonoše Mts. are also 
connected with the occurrence of snow avalanch-
es, which have been observed since the winter of 
1961/62 according to the International avalanche 
classification (De Quervain et al. 1981). This classi-
fication was adopted for the Krkonoše Mts. by Spusta 
and Kociánová (1998), Spusta et al. (2003), Spusta et 
al. (2006), Kociánová and Spusta (2000), Kociánová 
et al. (2004), Vrba and Spusta (1975, 1991). The area 
of the Krkonoše Mts. has also been analysed from the 
point of view of its susceptibility to snow avalanch-
es (Blahůt 2008; Suk and Klimánek 2011; Juras et al. 
2013).

Rainfall is the most frequent triggering factor for 
shallow slope deformations (Záruba and Mencl 1982; 
De Vita and Reichenbach 1998; Schuster and Wiec-
zorek 2002; Glade and Crozier 2005). These phenom-
ena usually occur in places where surface and sub-
surface runoff is concentrated and where a sufficient 
amount of loose material is located. The most signifi-
cant debris flows in the Obří důl Valley occurred dur-
ing extreme rainfall events of 1882 and 1897, when 

Fig. 1 The study area.
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two houses were destroyed and seven people died 
(Pilous 2016). 

In order to analyse landslides generated by rain-
fall it is important to establish the rainfall threshold, 
which is often connected with the relation between 
the duration and intensity of the rainfall (e.g. Turn-
er and Schuster 1996; Novotný 2000; Schuster and 
Wieczorek 2002). Even rather low rainfall can trigger 
shallow landslides in the recently deforested areas or 
arid regions (Schuster and Wieczorek 2002). Accord-
ing to Turner and Schuster (1996) and Guzzeti et al. 
(2004). It is possible to establish rainfall thresholds 
for shallow landslides (up to 8 meters) on the basis 
of the optimal rate between the duration and intensi-
ty of the rainfall. Rybář and Novotný (2005) stressed 
the importance of seasonal and multiannual cycles in 
rainfall and temperature curves for landslide activity. 
There are two basic methods to define rainfall thresh-
olds  – physical and empirical based models. The 
physical model is based on the process of the land-
slide origin and conceptual approach comes out from 
historical or statistic data (Corominas 2000; Crosta 
and Frattini 2001; Aleotti 2004; Wieczorek and Glade 
2005; Guzzetti et al. 2007). The thresholds can be 
considered as being global, regional or local (Guzzetti 
et al. 2004, 2007). 

1.1 Antecedent precipitation index (API)
Antecedent rainfall is believed to play an important 
role in the initiation of debris flows because it reduc-
es soil suction and increases the pore-water pressure 
(Thach et al. 2002). The API shows the rainfall situa-
tion retrospectively and is used to define the anteced-
ent moisture condition (Mishra and Singh 2003). The 
API is also used to assess the saturation of the water-
shed. Soil moisture has a considerable influence on the 
physical properties of soil, e.g., pore-water pressure 
and shear strength (Zhao et al. 2011), which can affect 
the initiation of debris flows as discussed by Brand 
(1989), Marchi et al. (2002), and Wieczorek and Glade 
(2005). In addition, Crozier and Eyles (1980) consid-
er antecedent climatic conditions to be crucial for the 
triggering of debris flows. The influence of antecedent 
rainfall is determined by seasonal variations in rain-
fall and temperature, which affect evapotranspiration. 
Intense convective storms occur during the summer 
when evapotranspiration can quickly remove much 
of the soil moisture. Consequently, the significance 
of antecedent rainfall may vary depending upon the 
regional climate (Wieczorek and Glade 2005). The 
average level of moisture in a catchment varies daily. 
It is replenished by rainfall and subsequently deplet-
ed by evaporation and evapotranspiration (Mishra 
and Singh 2003).

1.2 Determination of rainfall thresholds
A rainfall threshold is defined as the minimum rain-
fall conditions for triggering landslides in a particular 
region (Guzzetti et al. 2007). The determination of 

rainfall thresholds for landslide initiation is consid-
ered as a basic task in landslide hazard assessment, 
and various methods have been proposed to estab-
lish rainfall thresholds (Crosta 1998; Corominas and 
Moya 1999; Glade 2000; D’Odorico and Fagherazzi 
2003; Zezere et al. 2005; Godt et al. 2006; Guzzetti 
et al. 2007; Marques et al. 2008; Dahal and Hasegawa 
2008; Dahal et al. 2009; Frattini et al. 2009; Saito et al. 
2010; Giannecchini et al. 2012).

One of the most difficult tasks in using anteced-
ent rainfall for debris flow prediction is determining 
the number of days to be used (Guzzetti et al. 2007). 
A detailed literature review revealed a complex rela-
tionship between the number of days of the anteced-
ent rainfall and the triggering of a landslide. Terlien 
(1998) considered 2, 5, 15 and 25 days for the Man-
izales area (Colombia). Kim et al. (1991) used 3 days, 
Heyerdahl et al. (2003) used 4 days, Glade (2000) 
used 10 days, Aleotti (2004) considered 7, 10, and 
15 days, Zezere et al. (2005) used 1, 5, 10, 15, 30, 45, 
60, 75 and 90 days., and Polemio and Sdao (1999) 
considered 180-day cumulative daily rainfall data. In 
summary, antecedent rainfall of between 3 and 120 
days (Pasuto and Silvano 1998) can be used to explain 
the occurrence of landslides (Dahal et al. 2009). The 
large variability in the number of antecedent rainfall 
days may be influenced by factors such as: diverse 
lithological, morphological, vegetation, and soil con-
ditions; different climatic regimes and meteorological 
circumstances leading to slope instability; and heter-
ogeneity and incompleteness in the rainfall and land-
slide data used to determine the thresholds (Guzzetti 
et al. 2007).

2. Geological and geomorphological settings

The lithology of the area is not uniform. The north-
ern slopes of the Obří důl Valley are composed of 
Krkonoše crystalline complex from the early Prote-
rozoic – several hundred-meter-thick successions of 
beds of grey mica schist are interbedded with quartz, 
erlan and gneiss (Chaloupský and Teisseyre 1968). 
The weathered mantle on the slopes also varies in 
thickness. In the area of the rock outcrops, the man-
tle is limited only on local depressions, while in other 
areas it fluctuates between 20 cm and 2 meters. Talus 
deposits under the rock walls or talus cones on the 
foothills represent an even greater thickness (Pilous 
1973). Boulders and stones prevail over gravel and 
sand; nevertheless, smaller particles (up to clayey) 
are also included. The largest boulders are around 
2 meters in diameter but can vary from 20 to 100 cm 
(Pilous 1973). Debris flows have occurred in sedi-
ments with various grain-sizes, e.g. in stony-debris 
(the Nad Kovárnou site) as well as in areas where 
sandy fractions prevail (the Rudník site). Rankers 
have evolved on the top of the silicate rocks (Horník 
et al. 1986) at different sites, e.g. on crests, slopes or 
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deluvial deposits, and most are covered with forest 
vegetation (Hraško et al. 1991).

The processes of erosion and denudation has 
gradually transformed the original Palaeozoic Vari-
scan mountain range into a  planation surface (i.e. 
slightly protruding highlands with softly undulated 
landforms) that reflect the structural conditions of 
the bedrock (Pilous 2016). According to the latest 
research based on the thermochronological analy-
sis of samples from the Krkonoše Mts. (Danišík et 
al. 2010) erosion was responsible for the removal of 
between 3.6 and 6 km of rock between 100 and 75 Ma.

Research of neotectonic processes and the result-
ing landforms has long been focused on the Polish 
side of the Krkonoše Mts. (Migoń 1992). Its results 
support older opinions (Ouvrier 1933) that the 
Krkonoše Mts. represent a segmented horst. In the 
case of the Czech part of the Krkonoše Mts., tectonic 
processes have only been mentioned in relation to the 
landforms as a general background or in a very few 
case studies (Migoń and Pilous 2007). New research 
shows that their influence is probably much greater 
than first thought (Lysenko 2007). Hard rocks of the 
contact zone have also had an impact on the appear-
ance of the landforms. Their extremely steep slopes 
create a typical hogback shape in the area of Čertův 
hřeben Ridge (Pilous 2016).

Glaciation of the Krkonoše Mts. is the feature most 
commonly studied by geomorphologists. Partsch 
(1894) and Migoń (1999) drew attention to the 
important role of the periglacial landscape, and partic-
ularly the extent and compactness of deflation zones 
on summit planation surfaces in the Sudetes moun-
tain range. The latest and most complex findings on 
the extent of glaciation within the Krkonoše Mts. have 
been presented by Engel (1997, 2003, 2007). Glacial 
features dominate the relief of the central part of the 
Krkonoše Mts., where cirques and troughs are deeply 
incised into summit plateaus (Engel et al. 2014). 

Contemporary research mainly involves cross-sec-
tional and longitudinal profiling, radiometric dating 
and macroscopic analysis of glacial sediments, which, 
among other things, are performed to contribute 
to the correlation of moraines on both sides of the 
mountain range (Engel et al. 2010, 2014). The latest 
findings of Engel et al. (2014) show that only small 
cirque glaciers occurred during the last glaciation 
period.

The periglacial landforms in the Krkonoše Mts. 
were described by Králík and Sekyra (1969). These 
landforms and their genesis particularly in the last 
two decades were also studied by Sekyra and Sekyra 
(1995), Křížek (2007), Treml et al. (2010), Křížek and 
Uxa (2013). The most conspicuous and largest land-
forms are cryoplanation terraces occurring at various 
extents, lengths and perfections on almost every peak 
in the Krkonoše Mts. (Pilous 2016). The landforms on 
Studniční hora Mt. and Sněžka Mt. jutting above the 
alpine timberline are perfectly developed (Dvořák et 

al. 2004). Nivation forms can be found in the Obří důl 
Valley (Pilous 2016). 

The analysis of factors determining the occurrence 
of debris flow can be divided into: geological, geomor-
phological, climatic and vegetational. The occurrence 
of debris flow is probably more connected to the abil-
ity of layers to contain water rather than the differ-
ences in grain-size distribution (Pilous 1973). The 
presence of mica in rocks supports the sliding process 
especially in the zone of saturation. The water from 
the flat area of the Krkonoše Mts. (levelled surface) 
infiltrates into the weathering mantle and through the 
system of joints and tectonic fractures into the massif 
and supports the saturation of loose material on the 
slopes of deeply incised valleys like the Obří důl Valley 
(Czerwiński 1967).

Geomorphological factors include: inclination and 
aspect of the slope, relative height, possible presence 
of snow avalanches and windward (or leeward) effect. 
The average slope inclination of the debris flow scarp 
and transitional area varies between 24° and 46°; 
however, at Čertova zahrádka and Čertova Gorge it 
can be between 33° and 90°. The vertical differenti-
ation between the source and accumulation area is 
between 925 and 1460 m, while the length is from 
30 to 680 m (Pilous 1977). The slope aspects with 
relation to prevailing winds were analysed by Sokol 
and Vavřík (1971) who revealed that the west orient-
ed slopes (NW–W–SW) are the most affected in this 
area. A total of 83% of debris flows are fixed to these 
slopes in the Obří důl Valley (Pilous 1973). In terms 
of time distribution, most of the debris flows occur in 
June when the weathered mantle and soil are still well 
saturated from melted snow and storms can happen 
(Sokol and Vavřík 1971). Most of the debris flow scarp 
areas are below the timber line (Pilous 1977) where 
the vegetation is shallowly rooted (spruce), and trees 
can work during strong winds as crowbars. 

3. Historical overview of debris flows

Debris flows in the Krkonoše Mts. are the largest and 
oldest, according to literature descriptions and docu-
mentation. The oldest engraving is from 1804 in Rud-
ník, where one debris flow path can be documented. 
Other engravings and lithography are from the mid-
19th century (Tittel 1830; Knippel 1850 and Tauber 
around 1850) and the locations are again Rudník and 
additionally Sněžka Mt.

In the first stage of the inventory, 35 debris flow 
paths in the Obří důl Valley were identified (Pilous 
1973). The next inventory from 1977, which was 
based on the analysis of photos, field inspections, 
monitoring and more accurate data from the first 
inventory, revealed 51 events (Pilous 1973, 1977). In 
one particular case, more accurate dating appeared, 
i.e. for 25 August 1938 (Šourek 1977).
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Fig. 2 Geomorphological map.
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From the debris flow paths identified in the study 
area the oldest in Tab. 1 are numbers 4, 5, 6, 7, 8, 9, 
11 and partially 12. The largest number of events 
occurred during intensive rainy periods (17/7/1882, 
29-30/7/1897, 2-3/7/1926) and affected the whole 
of the Krkonoše Mts. Two of the above-mentioned 
events from Růžová hora Mt. (No. 14 and 15) had 
a direct catastrophic influence on a small settlement 
at the bottom of the Obří důl Valley, where two hous-
es were completely destroyed and the debris flow 
left behind seven fatalities. Unfortunately, historical 

sources do not always provide the precise locations, 
like after the 1926 rainfall period. Ouvrier (1933) 
mentioned only that debris flows were identified in 
all of the larger valleys in the Krkonoše Mts.

Ouvrier (1933) described the debris flows that 
occurred during the night of 2 July 1926, in the 
Krkonoše Mts., but without any precise location. If 
these debris flows originated in the Obří důl Valley, 
then they were probably in the forested area of the 
Růžová hora Mt.

Tab. 1 List of debris flows (elaborated according to Pilous 1973, 1977). Colour: yellow and red – first stage of the inventory (Pilous 1973); only 
red – two houses destroyed and seven people killed (29/7/1897); green – next stage of the inventory (Pilous 1977); blue – the newest origin 
of debris flows in the Růžová důl Valley (Myslil 1997).

No. Location Date of origin No. Location Date of origin

1 Úpská jáma Cirque
14/7/1964
(the youngest) 27 SE slope Růžová hora Mt/ (2–3/7/1926) 

2 Úpská jáma Cirque ? 28 SE slope Růžová hora Mt. (2–3/7/1926) 

3 Úpská jáma Cirque ? 29 SE slope Růžová hora Mt. (2–3/7/1926) 

4 Úpská jáma Cirque > 1882 30 Modrý důl Valley ?

5 Úpská jáma Cirque > 1882 31 Výsluní Modrý důl Valley ?

6 Úpská jáma Cirque > 1882 32 Výsluní Modrý důl Valley ?

7 Úpská jáma Cirque > 1882 33 Velká studničná jáma Cirque ?

8 Úpská jáma Cirque > 1882; 17/7/1882 34 Čertův hřeben Ridge 17/7/1882

9 Zadní Rudník 
> 1882
17/7/1882 35 Čertův hřeben Ridge 17/7/1882 

10 Rudná rokle 
> 1882
17/7/1882 36 Úpička drainage through ?

11 Rudná rokle 

> 1882 
17/7/1882
(the oldest) 37 Zadní Rudník ?

12 Rudná rokle 

(> 1882)
17/7/1882
29/7/1897 38 Rudník ?

13 Pod Kovárnou 29/7/1897 39
SW slope Sněžka Mt. /Rudná 
rokle ?

14 Růžová hora Mt. 29/7/1897 40 SW slope Sněžka Mt. ?

15 Růžová hora Mt. 29/7/1897 41 Růžová hora Mt. ?

16 Růžová hora Mt. (29/7/1897) 42 Růžová hora Mt. ?

17 Růžová hora Mt. (29/7/1897) 43 Růžová hora Mt. ?

18 Růžová hora Mt. (29/7/1897) 44 Růžová hora Mt. ?

19 Růžová hora Mt. (29/7/1897) 45 Výsluní Modrý důl Valley 12/7/1937

20 Růžová hora Mt. (29/7/1897) 46 Čertova rokle 18/6/1974

21 Růžová hora Mt. (29/7/1897) 47 Čertova rokle 22/6/1975

22 Růžová hora Mt. (29/7/1897) 48 Čertova zahrádka 18/6/1974

23 SE slope Růžová hora ? 49 Čertova zahrádka 18/6/1974

24 SE slope Růžová hora ? 50 Čertův hřeben Ridge 18/6/1974

25 SE slope Růžová hora ? 51 Čertův hřeben Ridge 18/6/1974

26 SE slope Růžová hora ? 52+53 V Korytech Růžový důl Valley 7/1997
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4. Data and methods 

4.1 Rainfall data 
The rainfall data were taken from fourteen rain gauges 
located near the Obří důl Valley (Fig. 3). The precise 
amount of rainfall is usually not known in the head 
scarp of the slope deformation because there are no 
rain gauges directly in that area. Therefore, we had to 
use the nearest stations and because of the rainfall var-
iability due to possible orographic effects we also tried 
to consider the position of the rain gauge compared 
to the detachment area (detailed data are included 
in Tab. 2). Eleven rain gauges operated by the Czech 
Hydrometeorological Institute (CHMI) are located 
within a distance of 0.5 to 23 km (two of them are locat-
ed between 0.5 and 5 km) from the triggering area of 
the debris flows (Tab. 2). Data from the National Center 
for Environmental Information – National Oceanic and 
Atmospheric Administration, National Climatic Data 
Center, U.S. Department of Commerce (NCDC NOAA) 
are available for stations at Sněžka Mt. and Pec pod 
Sněžkou for 6 h, 12 h, and daily amounts (see Tab. 2).

Rain gauges are located in a  similar climatic 
region  – very cold and cold with abundant precip-
itation (Quitt 1971) with the different geological 

setting  – gneisses and migmatites that underwent 
retrograde metamorphism and biotite metagranites 
to metagranodiorites and orthogneisses and porphy-
ritic biotite granite (Cháb et al. 2009). Nevertheless, 
they are at different elevations and windward and 
leeward slopes have created the variability. The rain 
gauge on Sněžka Mt. (S in Tab. 2) is the most relevant 
because of its elevation (1602 m a.s.l.) and close vicin-
ity to the Obří důl Valley. Historical rainfall data are 
also available from this station (see Tab. 2) (Schnei-
der 1897; Demuth 1901; Jitrasek 1915). Rainfall data 
were analysed for the available period up to 2006, 
because data after 2006 suggested rather low rainfall 
values. The rain gauge at Luční bouda only has availa-
ble data since 2009 and was also not analysed due to 
low rainfall values. 

4.2 Data analyses 
Daily rainfall, hourly rainfall, antecedent rainfall and 
cumulative rainfall data were used to estimate the 
rainfall threshold.

4.2.1 Daily rainfall
Daily rainfall data represent the total amount of rain-
fall measured in the selected CHMI rain gauges (LCB, 

Fig 3. Map of rain gauges: (S) – Sněžka, (LCB) – Luční bouda, (PCS) – Pec pod Sněžkou, (PB) – Pomezní boudy, (CD) – Černý důl, (DDR) – Dolný 
Dvůr-Rudolfov, (HM) – Horní Maršov, (LB) – Labská bouda, (B) – Benecko (according to CHMI).
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PCS, PB, CD, DDR, HM, LB, B, RJV, H and VV in Tab. 2) 
and in the selected National Centers for Environ-
mental Information (NCDC NOAA) (rain gauge: S and 
PCS) during a single day (from 7:00 a.m. of the first 
day to 7:00 a.m. the next day). These records were 
provided by CHMI for the period 1894–2014 for the 
selected rain gauges. Daily rainfall was analysed with 
the selected maximum values from the rain gauges. 
We selected data over 100 mm and then compared 
them with values from other rain gauges, to avoid low 
rainfall values which were common. For the station 
on Sněžka Mt. (rain gauge S in Tab 2.) the daily rain-
fall data were taken from historical chronicles (see in 
Tab. 2) (Anonymous 1889–1941, 1897a, 1897b; Sch-
neider 1897; Demuth 1901; Jitrasek 1915) and from 
the National Centers for Environmental Information 
(rain gauge S2) (NCDC NOAA). 

4.2.2 Hourly rainfall
One-hour, two-hour, two-hour and thirty minute, and 
four-hour rainfall data were used from historical chron-
icles (Anonymous 1889–1941, 1897a, 1897b; Schnei-
der 1897; Demuth 1901; Jitrasek 1915) also from the 
Sněžka Mt. rain gauge. Hourly rainfall data from the 
other rain gauges were not available. Six-hour and 

twelve-hour rainfall data were used from the National 
Centers for Environmental Information (NCDC NOAA) 
for the Sněžka Mt. and Pec pod Sněžkou rain gauges. 

4.2.3 Antecedent precipitation index 
The API was firstly expressed by Kohler and Linsley 
(1951). The equation is generally defined as follows:

𝐴𝐴𝐴𝐴𝐴𝐴! = 𝑐𝑐!
!

!!!

×  𝑃𝑃!   𝑚𝑚𝑚𝑚 	
  

	
  
Where n is the total number of days prior to the causal 
rainfall, usually 5, 10 or 30;
i is the number of days counting backwards from the 
date on which the API is determined;
c is an evapotranspiration constant (for the Czech 
Republic it is c= 0.93 (Steinhart 2010);
Pi is the amount of precipitation in days prior to the 
causal rainfall (mm).
The API was calculated for a number of days (n = 5, 
10, and 30) from the daily amounts of rainfall in the 
period when debris flows occurred and selected dates 
when daily rainfall reached 100 mm. 

Tab. 2 Location of the selected rain gauges in the area of interest (according to CHMI and NCDC NOAA); rain gauge: see Fig. 3, type of rain 
gauge: AWS – automatic weather station; AWS3 – automatic weather station without operator; ACS1 – first-order automatic climatological 
station; ACS4 – fourth-order automatic climatological station; APS – automatic precipitation station; MPS – manual precipitation station.

Rain 
gauge Code Elevation (m 

a.s.l.)
Distance from the 
study area (km)

Measurement period 
(CHMI)/ Historical data 

Measurement period 
(NCDC NOAA) Type of rain gauge

(S) H7SNEZ01 1602 0.5–1.65–2.7 Historical data 01/11/1952–31/12/1963 AWS3

01/10/1973– 01/11/2017

(LCB) HLUCB01 1413 1.6–3 20/01/2009–31/12/2014 – ACS1

(PCS) HPECS01 8163 2.4–5 15/06/1962–31/12/1971 01/11/1936–31/12/1941 AWS

01/02/1988–31/12/2014 01/10/1988–01/11/2017

(PB) H1POMB01 1050 6.3–7.5 10/05/1994–31/12/2014 – APS

(CD) H1CDUL01 715 7.3–10 24/06/2005–31/12/2014 – APS

(DDR) H1DDVU01 560 8.3–10.5 16/05/1894–31/03/1939 – APS

01/05/1941–31/07/1945

01/04/1963–31/12/2014

(HM) H1HMAR01 565 9.4–11.4 01/01/1961–31/12/2014 – APS

(LB) H1LBOU1 1315 12.8–14.3 01/01/1961–31/04/1997 – ACS1

21/06/1997–31/09/1999

01/10/2002–31/12/2014

(B) P2BENE01 790 13.5–14.5 01/01/1932–31/12/1937 – MPS

01/01/1938–31/12/2014

(RJV) P2ROKY01 525 21–22 22/07/1958–31/12/2014 – MPS

(H) P2HARR01 675 22–23 01/01/1951–31/12/2014 – ACS4

(VV) HVITKO1 1400 12.3–13.3 01/07/1945–31/05/1974 – –

01/07/1974–31/12/1978

(OD) – – – Historical data – –

(SE) – – – Historical data – –
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4.2.4 Cumulative rainfall data
We considered 90-day cumulative daily rainfall data 
only from the selected CHMI rain gauges (CD, PCS, PB, 
DDR, HM, LB, B, RJV, H, VV), due to their availability. 
We compared the cumulative rainfall data from when 
debris flows occurred with the daily rainfall data over 
100 mm from the other rain gauges (during the peri-
od between 1897 and 2006). The rainfall values from 
2006 to 2014 were relatively low in all of the available 
rain gauges. 

4.2.5 Determination of rainfall thresholds 
The rainfall conditions that trigger debris flows can 
be different. The rainfall thresholds were determined 
based on daily, hourly, 90-day cumulative rainfall data, 
and the antecedent precipitation index for 5, 10 and 
30 days. It was important to determine the number 
of days for the antecedent rainfall and to analyse the 
correlation between the daily rainfall in relation to 
the debris flows events and the corresponding ante-
cedent rainfall (Zezere et al. 2005) for three periods: 
5, 10 and 30 days from two selected rain gauges, Pec 
pod Sněžkou and Labská bouda. 

5. Results 

5.1 Daily rainfall 
The highest daily rainfall in the years when debris 
flows occurred and from all the available rainfall data 
was 266 mm in the Obří důl Valley on 29 July 1897 
(see Fig. 4). On the same day, the Sněžka Mt. (S) rain 

gauge measured 239 mm, whereas the meteorologi-
cal station at Sedmidolí registered only 93 mm. This 
means that there were rather large differences over 
relatively short distances of 0.5–2.7 km (see Tab. 2). 
Other debris flows (Fig. 4) were triggered during rath-
er low daily rainfall levels (0.2 mm (DDR), 18.5 mm 
(RJV), 21.6 mm (DDR), 26.5 mm (B), 29.3  mm (B) 
and 65.7 mm (B)), it which that daily rainfall records 
could not be considered alone. This is also support-
ed by the fact that we found several days with rather 
high daily rainfall without any debris flow (Fig. 4). 
The highest daily rainfall when no debris flow was 
registered is from 7 August 2006 (193.1 mm at rain 
gauge B), the second highest rainfall value was meas-
ured on 31 August 2002 at rain gauge PB (191 mm). 
The rainfall recorded at several of the gauges reached 
the limit of 100 mm. Five of the selected rain gauges 
(PCS, PB, DDR, LB and VV) recorded 20 days when the 
daily rainfall levels were up to 100 mm. Rain gauge 
PB is only 6.3–7.5 km from the study area, which is 
relatively close. 

5.2 Hourly rainfall 
First of all, we checked the highest hourly rainfall lev-
els during debris flow events. The highest was regis-
tered during 17 July 1882 and reached 45 mm (rain 
gauge S). The same station also measured very high 
daily rainfall (see the chapter above). The other debris 
flow events could not be explained by hourly rain-
fall extremes. On 18 June 1974, station S measured 
almost 73 mm in 3 hours during a heavy storm. What 
is again surprising is that no debris flow occurred on 

Fig. 4 Daily rainfall levels in the selected rain gauges (Sněžka, Obří důl, Sedmidolí, Černý důl, Pec pod Sněžkou, Pomezní boudy, Dolní 
dvůr Rudolfov, Horní Maršov, Labská bouda, Benecko, Rokytnice n. Jizerou – Vilémov, Harrachov, Vítkovice-Vrbatova bouda) in the 
period from 1882 to 2006. Colours: red – occurrence of debris flows (source: CHMI and Anonymous 1889–1941, 1897a, 1897b, 
Schneider 1897, Demuth 1901, Jitrasek 1915); blue – debris flows did not occur; green – the total maximum daily rainfall when debris 
flows did not occur (source: CHMI).
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28 August 1996 when 209.6 mm were registered at 
station S during a 12-hour period. Nevertheless, only 
moderate hourly rainfall was identified (see Tab. 3) at 
all of the other stations in the region.

5.3 Antecedent precipitation index (API) 
The antecedent precipitation index was calculat-
ed for all debris flow events and days were selected 
when daily rainfall levels reached at least 100 mm. 
No significant values were determined for years 
when debris flows occurred and on the other hand 
many high values were identified for the following 
years without any debris flow. The highest API5 was 
recorded in 2006 and did not result in a debris flow, 
whereas years when debris flows occurred, i.e. 1897, 
1926, 1937, 1964, 1974 and 1975, show much low-
er API5. The highest API10 was also recorded in 2006, 
but the highest API30 was calculated in 1997 (Tab. 4). 
From this analysis it is clear that the antecedent 

precipitation index itself (in this area) could not be 
responsible for any debris flows during the monitored 
period. We have to look at combinations with daily or 
hourly rainfall.

5.4 Cumulative rainfall data
Fig. 5 includes selected data of cumulative rainfall – 
both the highest values when debris flows occurred 
and did not occur. From the days when debris flows 
occurred, the 90-day cumulative rainfall reached 
a maximum of 413.7 mm on 3 July 1926. This value 
is approximately 370 mm lower than the cumulative 
rainfall from days when no debris flows occurred. The 
average amount from all of the calculated cumulative 
rainfall data is 348.8 mm. Only two values when debris 
flows occurred (in 1926) were above this cumulative 
rainfall average, i.e. values in 1897 were comparable 
and other values were lower. Unfortunately, no cumu-
lative rainfall data were available for the debris flow 

Tab. 3 Hourly rainfall levels from the Sněžka Mt. and Pec pod Snežkou rain gauges in the period from 1882 to 2002. Colours: blue – occurrence 
of debris flows; white – no debris flows; the number in green is the absolute highest maximum twelve-hour rainfall data (mm); dash – data 
not available (source: NCDC NOAA). 

Date S PCS

 1 h 2 h 2 h 40 min 4 h 6 h 12 h 6 h 12 h

17/7/1882 45.0 – – 178.0 – – – –

28/7/1897 – – – – – – – –

29/7/1897 11.0 – – – – – – –

2/7/1926 – – – – – – – –

3/7/1926 – – – – – – – –

12/7/1937 – – – – – – – –

12/7/1938 – – – – – – – –

14/8/1948 – – – – – – – –

6/7/1955 – – – – – – – –

14/7/1964 *storm 48.2 25 – – – – – –

10/8/1964 – – – – – – – –

29/6/1971 – – – – – – – –

12/6/1974 – – – – – 5.9 – –

13/6/1974 – – – – – 74.9 – –

14/6/1974 31.0 – – – – – – –

15/6/1974 – – – – – 17.0 – –

18/6/1974 – – 72.9 – – 70.1 – –

22/6/1975 – – – – – 10.1 – –

31/7/1977 – – – – 1.01 – – –

1/8/1977 – – – – – 80.01 – –

8/8/1978 – – – – – 10.9 – –

28/8/1996 – – – – – 209.6 – –

6/7/1997 – – – – – 14.9 – 0

18/7/1997 – – – – – 37.1 7.9 –

19/7/1997 – – – – – 79 7.1 –

20/7/2001 – – – – – 23.1 – 65

13/8/2002 – – – – – 13.2 – –

31/8/2002 – – – – – 0.8 – –
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events (Nos. 5, 7, 8, 9, 10, 34 and 35) – (Tab. 1). In July 
1897, July 1937, July 1964, June 1974 and June 1975 
when debris flows occurred, values of cumulative 
rainfall were below the average. In August 1948 and 
in July 1997 when debris flows did not occur, values 
of cumulative rainfall were two times higher than the 
average of all cumulative rainfall data. 

5.5 Relation between daily and antecedent rainfall
In order to determine the number of days for the 
antecedent rainfall, we considered the correlation 
analysis between the daily rainfalls in relation to the 
debris flows events and the corresponding anteced-
ent rainfall (Zezere et al. 2005) for two rain gauges, 
Pec pod Sněžkou and Labská bouda for three periods: 
5, 10 and 30 days. The results are shown in Fig. 6. The 
red points depict the debris flow events whereas the 
black points show the selected years with high rainfall 
from a period of 42 years (1964 to 2006). Fig. 6 shows 
that debris flows occurred after low daily rainfall in 
combination with small to moderate amounts of ante-
cedent rainfall. On the contrary, high rainfall events 
in combination with high levels of antecedent rainfall 
did not create debris flows. We have to stress that 
debris flow events from the end of the 19th century 
are not included in Fig. 6, because it was not possible 
to calculate the antecedent rainfall.

5.6 Combination of different rainfall characteristics 
If we consider all of the above analysed factors (hour-
ly and daily rainfall, API, cumulative rainfall), the 
debris flows from 1882 and 1897 may be explained 
by the huge daily rainfall amounts, partly supported 
by hourly rainfall. The influence of API and cumulative 
rainfall from 1882 could not be evaluated because of 
missing rainfall data. API data from 1897 are availa-
ble only for a rain gauge located far from the debris 
flow source area. The occurrence of the other debris 
flows in 1926, 1937, 1964 and 1975 is not significant-
ly supported by the available data. Possibly only the 

1974 (see Tab. 6) debris flow (18 June 1974) occurred 
after a combination of moderate hourly rainfall and 
moderate API, but these values are nothing compared 
to 1882 and 1897. We have to stress that there were 
several years over the last few decades when stations 
registered high values of API and daily rainfall (e.g. 
middle of July 1997 or beginning of August 2006) 
but no debris flows were registered. This means that 
there must be significant differences in the rainfall 
distribution over rather short distances in the moun-
tainous area of the Krkonoše Mts.

6. Discussion

Debris flows triggered by rainfall have not been stud-
ied in detail in the Krkonoše Mts. The majority of the 
published works are focused on particular debris flow 
events describing the associated rainfall amounts.

The estimated thresholds for daily rainfall intensi-
ty are 225 mm, without the support of API and cumu-
lative rainfall. A comparison of these thresholds with 
other debris flow studies from the Czech Republic is 
problematic due to the fact that many of the authors 
worked on deep seated landslides (Gil and Dlugo-
sz 2006), described isolated events and estimated 
threshold values for landslide initiation for the Out-
er Western Carpathians (Bíl et al. 2016). Only a few 
works focused on individual landslides where numer-
ous events took place (Krejčí et al. 2002; Pánek et al. 
2011). However, they did not attempt to estimate the 
threshold. Work from Smědavská hora Mt. in the Jizer-
ské hory Mts. describes the initiation of debris flows 
on Smědavská hora Mt. (Smolíková et al. 2016). From 
this, the authors concluded that for the initiation of 
debris flows, a combination of API, daily/hourly rain-
fall and values of short intensities of 10/15 min is far 
more important than individual extremes. Significant 
rainfall events have been recorded in the last 30 years 
without any debris flow events (Smolíková et al. 2016). 

Fig. 5 Cumulative rainfall data for 90 days. Colours: red – occurrence of debris flows; blue – no occurrence of debris flows; violet is the 
absolutely highest value of cumulative rainfall (calculated from the source data: CHMI). 
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Fig. 6 Relationship between daily rainfall and antecedent rainfall for the period 1964–2006 from Pec pod Sněžkou and Labská Bouda rain 
gauges. Red points depict debris flow events and black points show years with high rainfall, which did not trigger any debris flows (calculated 
from the source data: CHMI).
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Tab. 5 Daily rainfall thresholds for the initiation of landslides in comparison with our derived value (R > 225 mm). 

Continent Country Area Type of landslide Value of threshold type Reference

Europe Italy Sarno, Campania All types of landslides R > 55 mm (lower threshold) Biafiore et al. (2002) 

Europe Italy Sarno, Campania All types of landslides R > 75 mm (upper threshold) Biafiore et al. (2002) 

Europe Spain Llobregat valley, 
Pyrenees Mts. Shallow landslide, Debris flows R > 160–200 mm Corominas and Moya (1996) 

Asia Japan
Hokkaido

All types of landslides R > 200 mm Endo (1970)
Island

North America USA Alamanda Country All types of landslides R > 180 mm Nilsen et al. (1976) 

North America USA Los Angeles Area All types of landslides R > 235 mm Campbell (1975) 

Rainfall is not the only causative factor for debris 
flow initiation (Aleotti and Chowdhury 1999), geolog-
ical, geomorphological, soil and vegetation conditions 

also have to be taken into consideration. In particular, 
local climatic and the geomorphological conditions 
of the geological structure of the area differ from one 

Tab. 6 Summary of detailed rainfall data in selected dates from all rain gauges (blue lines describe the debris flows events, white – no debris 
flows; RG is rain gauge; daily amount – the total highest daily value from all rain gauges; hourly rainfall data – 1 h, 2 h, 6 h, 12 h; API 5/10/30 – 
the total highest API value; 90 days of cumulative rainfall (CR) – the total highest value of CR) (Source data: see previous Chapter 5 and Fig. 4, 
5, 6, 7).

Daily 
rainfall RG 1h RG 2h RG 6h RG 12h RG API 5 RG API 10 RG API 30 RG

90 days 
CR RG

17/7/1882 226.6 (S) 45 (S)               

28/7/1897 76 (OD)        26.4 (DDR) 33.9 (DDR) 53.1 (DDR) 323.8 (DDR)

29/7/1897 266 (OD) 11 (S)       33.9 (DDR) 57.2 (DDR) 71.3 (DDR) 347.3 (DDR)

2/7/1926 21.6 (DDR)         2.7 (DDR) 11.1 (DDR) 61 (DDR) 392.1 (DDR)

3/7/1926 0.2 (DDR)         2.9 (DDR) 11.3 (DDR) 63.2 (DDR) 413.7 (DDR)

12/7/1937 65.7 (B)         25 (B) 25 (B) 40.7 (B) 318.5 (DDR)

12/7/1938 156.7 (DDR)        51.7 (DDR) 63.2 (DDR) 73.2 (DDR) 326.1 (DDR)

14/8/1948 112.6 (VV)        127.5 (VV) 31.6 (B) 157.6 (VV) 701.4 (VV)

6/7/1955 15.7 (VV)        49.1 (VV) 59.7 (VV) 72.3 (VV) 347.7 (VV)

14/7/1964 18.5 (RJV)   25 (S)     14.5 (LB) 19.4 (LB) 42.5 (VV) 255.9 (PCS)

10/8/1964 146.7 (VV)        44.9 (VV) 60 (PCS) 74 (DDR) 308.9 (PCS)

29/6/1971 107.6 (PCS)        20.8 (VV) 42 (VV) 74.6 (VV) 413.8 (VV)

12/6/1974 25.4 (H)      5.9 (S) 19.5 (RJV) 27.6 (RJV) 47.4 (H) 265.9 (H)

13/6/1974 61.1 (S)      75 (S) 40.2 (H) 45 (H) 67.7 (H) 324 (H)

14/6/1974 20.2 (S)      31 (S) 50.8 (H) 60 (H) 81 (H) 346.7 (H)

15/6/1974 19.6 (S)      17 (S) 56.9 (H) 66 (H) 83.9 (H) 350.7 (H)

18/6/1974 29.3 (B)       70 (S) 54.7 (LB) 70.7 (LB) 75.8 (LB) 338.6 (H)

22/6/1975 26.5 (B)       10 (S) 30.7 (B) 42 (H) 52.8 (H) 321.7 (H)

31/7/1977 136.9 (VV)    1.01 (S)   0.7 (H) 17 (H) 30.6 (RJV) 422.1 (VV)

1/8/1977 132.2 (VV)      80 (S) 127.9 (VV) 140.6 (VV) 164.2 (VV) 559 (VV)

8/8/1978 130.8 (H)      11 (S) 16.6 (H) 17 (H) 27 (H) 405.9 (VV)

28/8/1996 55 (PCS)      15 (S) 28.5 (B) 31.5 (B) 73.9 (LB) 499.4 (LB)

6/7/1997 180 (PB)      210 (S) 56.2 (LB) 78 (LB) 86 (LB) 343.5 (PCS)

18/7/1997 134 (LB)    7.9 (PCS) 37 (S) 51 (DDR) 75 (PB) 190.2 (PB) 607.5 (PCS)

19/7/1997 125.6 (PCS)    7.1 (PCS) 79 (S) 146 (LB) 146 (LB) 261.1 (LB) 784 (PB)

20/7/2001 141.2 (PB)      23 (S) 27.8 (B) 32.9 (B) 57.1 (H) 385.1 (B)

13/8/2002 176.5 (PB)      65 (PCS) 49.2 (DDR) 50.7 (DDR) 63.8 (DDR) 325.7 (PB)

31/8/2002 191 (PB)      0.8 (S) 12.9 (B) 15.1 (PCS) 75.1 (PB) 510.8 (PB)

6/8/2006 113.7 (PB)        119.5 (PB) 124.5 (PB) 130.7 (PB) 354.6 (LB)

7/8/2006 193.1 (LB)         216.6 (PB) 221.5 (PB) 227.3 (PB) 463.5 (LB)
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threshold to another (Guzzetti et al. 2007). Neverthe-
less, we tried to compare our derived daily rainfall 
threshold for the Obří důl Valley with others already 
published (Tab. 5). 

The limits of our presented research are also influ-
enced by the following circumstances: the data from 
1897 were measured at different rain gauges, thus 
they may be less significant for determining thresh-
olds. A significant problem was the incompleteness 
of the rainfall data from the selected rain gauges. The 
rain gauges are located at different elevations and 
distances from the triggering area of the debris flows. 
The orographic effect also has an influence on rainfall 
distribution.

7. Conclusions

The rainfall analysis for debris flows from the avail-
able data revealed that in the area under study daily 
rainfall above 225 mm could trigger debris flows (e.g. 
years 1882 and 1897), even without support of API. 
A combination with hourly rainfall cannot be demon-
strated, because we do not have sufficiently accurate 
data from these years. We have data from the last 40 
years from several stations in the surroundings of 
the Obří důl Valley, which revealed that daily rainfall 
between 150 and 200 mm/day does not create debris 
flows, even with the support of API (see Tab. 6). 
Also, the heavy storm during 28 August 1996 when 
209.5 mm/12 hours were measured did not create 
a debris flow. It seems that the local rainfall thresh-
old is above 225 mm/day, without the possibility to 
consider its combination with hourly rainfall or API. 

The API itself probably has only a  limited influ-
ence on the triggering mechanism and has to be con-
sidered in combination with daily or hourly rainfall. 
Cumulative rainfall and API are not good indicators 
for predicting debris flows in our study area as most 
of the historical debris flows did not occur during the 
highest cumulative rainfall events or significant API 
values. A plausible explanation for this is that the infil-
tration of intensive rainfall is limited by the permea-
bility of the soils. Daily rainfall could result in rapid 
oversaturation of the weathered mantle and soils and 
eventually cause the slope to be more susceptible to 
failure.

There are significant differences in the measured 
data even over rather short distances. Unfortunately, 
it did not help us to substitute the data from one sta-
tion with data from another station. We also have to 
resolve the issue that some of the debris flows remain 
undated. 

The temporal probability of the occurrence of 
debris flows was directly estimated based on the 
statistical relationship between the historical debris 
flow events and rainfall data. The rainfall thresholds 
were estimated using all debris flow episodes without 

considering the specifics of the sizes of the debris 
flows or the number of debris flows in the episodes. 
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