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Abstract 

Landslides are amongst the most destructive natural hazards, causing damage to 

infrastructures, such as roads, railways and houses, and can, in a worst-case scenario, take 

lives. By studying the effect and response of rainfall using the temporal and spatial 

distribution of the storage and discharge, a better understanding of landslide processes and 

a more detailed prediction can be possible. This study employs a parameter-parsimonious 

rainfall-runoff model, the Distance Distribution model (DDD), to simulate hydrological 

conditions for rainfall induced landslide events. The DDD model represents the subsurface 

in 2D in that it calculates the storage along a hillslope representing the entire catchment in 

question. Model simulations for 76 debris avalanches and debris flows in Southern Norway 

have been investigated at catchment scale and at three points along the hillslope. The main 

objectives were to determine if the model has any capacity to predict hydrological 

conditions triggering landslides and to investigate how storage-discharge hysteresis is 

represented in the model and how it can relate to landslide occurrences.  

Evaluated for the entire catchment, 70 % of the landslide events occurred during completely 

saturated conditions and more than 90 % of the events are characterized by sharp gradients 

and/or a prolonged high saturation in the temporal dynamics of saturation. This results 

suggests that the DDD model has capacity to predict hydrological conditions triggering 

landslides. The simulation of overland flow proved to be relevant for landslide occurrence 

found for 87 % of the events. The results for lower, middle and upper point of hillslope 

show that the storage has a distribution that varies along the hillslope and with time. The 

2D representation of the hillslope has the potential to be used in landslide investigation, 

however, only if the registration of landslide events improves, starting with landslide 

initiation points. 

Simulations employing hysteretic curves indicate that the structure of the DDD model 

allows addressing the non-linear, hysteretic relationship between storage and discharge. 

Hysteresis are complex processes, however,  and there are still many aspects which are not 

known, suggesting that further exploration of the changes in storage and discharge, dS/dt 

and dQ/dt, would be useful. In terms of relating the landslide occurrence with hysteresis, 

no connections were found. A reduced uncertainty related to the timing of the landslide 

events and the use of input data of hourly resolution may allow for a better correlation 

between landslides and hysteresis.  
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1 Introduction     

Landslides are amongst the most destructive natural hazards, causing damage to 

infrastructures, such as roads, railways and houses, and can, in a worst-case scenario, take 

lives. During the last decade, many debris flows and debris avalanches (all herein referred 

to as “landslides”) have occurred during severe rainfall and snowmelt in Norway and the 

number of landslide events is expected to increase in the future (Lied, 2014). This scenario, 

based on the 2012 report on climate extremes from the Intergovernmental Panel of Climate 

Change (Seneviratne et al., 2012) emphasizes the importance of a good understanding of 

where the landslides occur, their spatial extent of runout and their prediction.  

Hydro-meteorological events, especially heavy rainstorms and the succession of medium 

rainstorms in wet seasons, serve as the most frequent triggering factors of landslides in many 

regions in the world (Ebel et al., 2010). The current conceptual understanding of rainfall-

induced landslides involves the reduction of effective stress due to development of positive 

pore-water pressure (Fannin and Jaakkola, 1999). Amount of rainfall together with the 

antecedent wetness controls the amount of water the soil can absorb before being completely 

saturated, thus developing positive pore-water pressures (Hennrich and Crozier, 2004).  

That landslide occurrences are closely related to hydrologic responses are widely 

recognized (Ebel et al., 2010). The hydrological responses involves the spatial and temporal 

distribution of water moving through the catchment, which is strongly affected by threshold 

behaviors, and hysteresis (Camporese et al., 2014). Threshold behavior includes, amongst 

others, the formation of overland flow controlled by soil capacity and infiltration rate, while 

hysteresis refers to the non-linear relationship between two variables observed in nature. 

Hysteresis in the storage-discharge relationship refers to the changing relationship 

depending on whether the soil is wetting or drying, has long been investigated (Beven, 2006; 

Zehe et al., 2007; Detty and McGuire, 2010; Spence, 2010). Despite the importance of 

hydrological response in controlling landslides, investigations of the connection between 

storage-discharge hysteresis and landslides are rare. 

Norway is considered an important region for landslide investigation as it is particularly 

prone to landslide hazards due to topography, geology and weather (Dyrrdal et al., 2012; 

Lied, 2014). Since 2013, a landslide early warning system (EWS) has been operational at 

The Norwegian Water Resources and Energy Directorate (NVE) in synergy with the flood 

forecasting service operating since 1989 (Boje et al., 2014; Devoli et al., 2014). Two rainfall 
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runoff models are currently in use at the flood and landslide forecasting service, namely 

Hydrologiska Byråns Vattenbalansavdelning model (HBV) operational since 1989, and the 

Distance Distribution Dynamics model (DDD), operational since 2013. The DDD model at 

the present is only used for flood predictions, not for landslides. In the recently published 

DDD model (Skaugen and Onof, 2014; Skaugen and Mengistu, 2015) the subsurface has a 

2-D representation in that it calculates the storage along a hillslope representing the entire 

catchment in question. The model estimates the capacity of the subsurface reservoir at 

different levels of saturation and predicts overland flow.  

Objectives 

This thesis is carried out in cooperation with NVE. The primary objectives of this study are 

to 1) determine if the subsurface representation of soil and groundwater in the DDD model 

has any capacity to predict the hydrological conditions triggering landslides and 2) 

investigate how the storage-discharge hysteresis associated with the landslide events are 

represented in the DDD model and how the landslides can relate to the hysteretic loops. By 

studying the effect and response of rainfall using the temporal and spatial distribution of the 

storage and discharge, a better understanding of landslide processes and a more detailed 

prediction can be possible (Wieczorek and Glade, 2005; Boje, 2011). The objectives of the 

study are achieved through the following sub-objectives; 

 Investigate the characteristics of the subsurface states as represented by the DDD model, 

in a suitable window of time surrounding the landslides. Do the landslides occur during 

partially or completely saturated conditions? 

 Investigate of the temporal dynamics of saturation in a suitable window of time 

surrounding the occurrence of landslides in the catchment - Does the saturation exhibits 

sharp gradients or prolong high saturation prior to the landslide events? 

 Investigate the relationship between overland flow and landslides - is the model 

simulation of overland flow relevant for landslide occurrences? 

 Investigate the relationship between the storage-discharge hysteresis and landslides - 

Can the occurrence of landslides be associated with either the rising limb or the 

recession, and how does the DDD model represent hysteresis in the subsurface at the 

time of the landslide events? 
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2 Theory - Hillslope hydrology and landslides 

To study the triggering factors of landslides knowledge of landslides and hillslope 

hydrology are needed. This chapter briefly discusses hillslope hydrology and landslide 

theory. 

 Hillslope hydrology 

The main aim of studying hillslope hydrology is to investigate the catchment response to 

water, which involves the movement of water through the hillslope to the river network. 

The relationships between storage, including residence time and subsurface flow, overland 

flow and discharge is especially important. 

2.1.1 Overland flow 

Overland flow, also referred to as surface runoff, is the flow of water on the surface caused 

by excess stormwater, meltwater or other flow sources (Kirkby, 1988). Its cause vary with 

season, region and within events (Kendall et al., 1999). Overland flow is produced as either 

Hortonian overland flow or saturation overland flow, where the saturation overland flow is 

produced when the soil capacity is completely filled so that the water is forced to flow on 

the surface. The less common Hortonian overland flow occurs when the rainfall rate exceeds 

the current infiltration capacity of the soil (Kirkby, 1988; Fannin and Jaakkola, 1999). 

2.1.2 Subsurface flow 

Subsurface flow is the water that infiltrates and percolates through the unsaturated and 

saturated subsurface. The water is either stored in the soil or travels within the soil as lateral 

through-flow (Kirkby, 1988). The flow of water can occur as a homogenous flow through 

micropores or as preferential flow through macropores (e.g. tree roots, burrow holes from 

animals or fractures) and is mainly driven by gravity and capillarity. The formation of the 

subsurface flow depends on antecedent conditions, topography, soil and bedrock layer 

characteristics and the magnitude of the water input (Beven and Germann, 1982). 

2.1.3 Hydrological response - Hysteresis  

The spatial and temporal distribution of water moving in the catchment is strongly affected 

by catchment thresholds (e.g. storage capacity, maximum velocity and infiltration rate), and 
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hysteresis. Typically, hysteresis occurs when a time lag exists between two variables and 

when a response variable (e.g. discharge, storm runoff and water table depth) not only 

depends on the value of a driving variable (e.g. subsurface storage, storm rainfall and soil 

moisture), but also on its past history (Visintin, 2006; Norbiato and Borga, 2008; Ebel et 

al., 2010; Camporese et al., 2014; Zuecco et al., 2015). Threshold behavior and hysteresis 

occurs at different levels of complexity, at various scales and may limit the predictability of 

hydrological processes and the repeatability of hydrological observations (Zehe et al., 2010; 

Penna et al., 2011). Examples of storage-discharge hysteresis are seen in Figure 1. 

 

 

Figure 1) Hysteresis in the relationship between storage and discharge. The arrows indicate the recharge and 

recession, i.e. the direction of the loop; anti-clockwise (left) and clockwise (right). 

It is well documented that storage (here referring to any variable quantifying or reflecting 

the volume of water stored in the subsurface such as saturated storage, groundwater level 

and soil moisture content) regulates discharge in a non-linear way creating hysteresis in the 

storage-discharge relationship (Myrabø, 1997; McGlynn and McDonnell, 2003; Beven, 

2006; Lehmann et al., 2007; Zehe et al., 2007; Detty and McGuire, 2010; Zehe et al., 2010; 

Penna et al., 2011; Radatz et al., 2013; Weill et al., 2013). The directions of the loops can 

be clockwise (i.e. lower storage on the rising limb than on the falling limb for a given 

discharge), or anti-clockwise. The shape of the loops vary from simple elliptical circles to 

more complex or ”non-classifiable” shapes. In the past, it has been suggested that the shape 

and scale of the hysteretic relationships are controlled by various factors, including 

catchment characteristics such as area and topography, antecedent wetness conditions and 

catchment connectivity (i.e. the connectivity between the riparian zone and hillslope, 

influencing which area contributes to discharge). The loops are also found to vary with 
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location, i.e. adjacent to river or at the hillslope, and the size of the rainfall event/snowmelt 

(Myrabø, 1997; Allen et al., 2010; Weill et al., 2013; Camporese et al., 2014). Larger 

catchments experience greater travel distances resulting in a more damped hydrological 

response. Thus, the delay to peak flow following rainfall events decreases with decreasing 

scale, causing greater hysteresis (Davies and Beven, 2015). Greater hysteresis is also found 

during dry antecedent conditions and less steep slopes due to a decreased displacement of 

water (Camporese et al., 2014; Davies and Beven, 2015)  

Hysteresis has been found in literature to vary according to location (Myrabø, 1997; Kendall 

et al., 1999; Penna et al., 2011). Myrabø (1997) and Kendall et al (1999), found the 

hysteretic loops of the relationship between discharge and water table to be anti-clockwise 

in the riparian zone and clockwise in the hillslope. In general, the riparian zone has a larger 

drainage- and contributing area than the hillslope (Camporese et al., 2014). The storage in 

the riparian zone is more persistent and stays wet long after rainfall events and during 

streamflow recession because of redistribution from upslope water. The riparian zone also 

usually responds faster to precipitation, because of higher antecedent wetness and shallower 

water tables (Camporese et al., 2014). On the other hand, Penna et al. (2011) observed 

opposite directions of the loops, i.e. during rainfall events with dry antecedent conditions, 

discharge responded and peaked earlier than hillslope soil moisture. For events with wet 

antecedent conditions, streamflow lagged soil moisture.  

 Landslides and their causes 

The following sections briefly discusses landslide theory, including types of landslides, 

static conditions that form the basis of a landslide occurrence and some triggering factors 

with emphasis put on the hydrological triggering factors.  

2.2.1 Types of landslides  

The term “landslide” refers to any downward movement of slope-forming materials 

composed of natural rocks, soil, artificial fill, or combinations of these materials (Sidle et 

al., 2013a). The various types of landslides can be differentiated by many parameters 

including type of mass movement, type of material, water content, velocity, volume etc. A 

widely used classification scheme, developed by Varnes (1978), distinguished by the type 

of mass movement (falls, topples, slides, spreads, and flows) (Figure 2) and the type of 

material (bedrock, coarse soil and fine soils). Coarse soils refer to soil containing more than 
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20 % gravel and coarse sizes (Varnes, 1978). The “Varnes Classification System” is used 

as a basis for several new classification systems, including the version recently proposed by 

Hungr et al. (2014) and given in Table 1. Here, the rows represent the type of movement 

and the columns represent the type of material (Hungr et al., 2014).  

 

Figure 2) Illustration of the types of movement (from Hungr et al., 2014). 

Table 1) A summary of the proposed new version of the Varnes classification system (from Hungr et al. 2014). 
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In Norway, the most frequent landslides in soils are found in Table 1 as type 11, 12, 13, 21, 

22, 24 and 25. In addition it is possible to observe landslides in filling and cuts along linear 

infrastructure (e.g. roads and railways) (NVE, 2011b). Classification of landslides in 

Norway are commonly based on the type of material; rock, debris, clay and snow (NVE, 

2011a; NVE, 2011b). An example of a classification is presented in Figure 3 (NGI, 1979; 

NGI, 1977; Veidirektorated, 2014). Here, the landslides are divided based on the proportion 

between snow, soil/rock and water. 

  

Figure 3) Landslide classification based on type of material (modified from NGI (1977), NGI (1979) and 

Veidirektoratet, 2014). 

In this study, only debris avalanches and debris flows are included (Figure 4), which are 

classified as flows in soil (no. 22 and 25 in Table 1). Debris avalanches are very rapid to 

extremely rapid movements of partially or completely saturated debris on steep slopes 

outside of an established channel. They occur at various parts of the slope and rarely at the 

same location due to depletion of materials (Hungr et al., 2014). Debris flows are very rapid 

to extremely rapid, flood-like movement of completely saturated non-plastic debris in an 

established channel. They often occur simultaneously with floods, starting as debris slides, 

debris avalanches or rock falls. They could also often occur when erosion along the stream 

removes support from the base of the slope (Hungr et al., 2014). Both debris avalanches and 

debris flows are usually caused by intense/prolonged rainfall or heavy snowmelt (NVE, 
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2011b). The transition between the two types is smooth and they have many similar features 

which often make it hard to distinguish between them (NVE, 2011b; Hungr et al., 2014). A 

summary of a comparison between the two types is given Table 2.  

 

 

Figure 4) Illustration of a debris avalanche on a steep hillslope where thin soils are underlain by relatively 

impermeable bedrock (to the left). On the right side is the lower extent of a debris flow that was triggered by 

landslides; the debris flow extends into a headwater channel (Sidle et al., 2013b) 

Table 2) Information about debris avalanches and debris flows (from NVE, 2011b). 

Type Conditions at the location of landslide Triggering mechanisms 

Debris avalanche  Steep, soil covered slopes                       

(> 25-30 º) 

 No established channel 

 Partially or completely saturated 

 

 Intense/prolonged rainfall and/or 

snowmelt 

 Points or cracks in saturated soils 

Debris flow  Steep, flooding rivers and streams 

eroding soil cover 

 Established channel, often where 

there is not a permanent flow of 

water 

 Completely saturated  

 Floods caused by intense rainfall 

and/or snowmelt or dam breakage 

 Intense erosion together with a 

large discharge 

 Soils added by debris slide, debris 

avalanches and rockfall 
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2.2.2 Static conditions  

The static conditions form the basis for the occurrence of a landslide at any location. They 

are assumed to be constant over time, however some of them can change due to human 

activity or other impacts. The static conditions include the shape of terrain and slope angle, 

soil type and thickness, layering and grain size distribution, vegetation, and hydrological 

properties (e.g. maximum storage capacity) (NVE, 2014c). Generally, in order to generate 

a landslide the slopes must be above 20º-25º and there must be enough loose soil present 

(Hungr et al., 2014) 

2.2.3 Triggering factors  

Landslides occur in a variety of landscapes across the world triggered by weather, 

earthquakes, volcanic activity, and human activity (NVE, 2014c). Earthquakes and volcanic 

activity will not be described in this thesis as they are not very relevant for landslide 

occurrences in Norway.  

 Groundwater and precipitation  

The most important triggering factor for landslides in soil is considered to be water 

(Wieczorek and Glade, 2005; Sidle et al., 2013c). Water affects the slope stability by 

decreasing the suction, increasing pore-water pressure, seepage erosion etc. Infiltration of 

water to the soil, by extreme rainfall or rapid snowmelt, causes a sudden rise of the water 

table and an increase in water-pressure. This results in a reduced effective stress between 

the individual soil grains, which reduces the resistance to shear and in turn weakens the 

slope. In addition, the load of water causes a downward driving force of the soil column 

(Wieczorek and Glade, 2005; Sidle et al., 2013c). The groundwater level varies with 

precipitation and evapotranspiration, rendering wetting and drying cycles, which can be 

considered cyclic loads. During continuously repetitive cycles the slope experiences 

accumulated plastic deformation and damage, causing unstable slopes. In these cases, even 

small rainfalls of short duration can trigger landslides (Xu et al., 2010).  
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The intensity and duration of rainfalls are also closely related to the occurrence of landslides 

as it directly affects the groundwater and impacts the seepage characteristics of the slope 

(Sidle et al., 2013c). Heavy rainfall raises the groundwater table within a hillslope and leads 

to instability. Rainfall of low intensity and long duration commonly leads to greater depths 

of the sliding plane, triggering larger landslides (Wu et al., 2015). Finally, the occurrence 

of overland flow (described in section 2.1.1) causes an increased soil erosion and a reduced 

slope stability, possibly triggering landslides (Xu et al., 2010).  

 Freezing of water in soil and soil frost  

Freezing of water in soil is a common triggering factor in Norway during winter and spring 

(Colleuille et al., 2009). When water freezes it expands about 10 % possibly causing 

displacement within the soil. This phenomenon is especially important during spring when 

repetitive cycles of snowmelt and water freeze are common. When water freezes in fissures 

and cracks, an additional downslope pressure is exerted that may trigger landslides. Soil 

frost is another common triggering factor that may prevent water from infiltrating into the 

ground, causing locally increased soil water content and pore water pressure. Soil frost may 

act as a sliding layer, similar to hard, impermeable bedrock. During spring and summer 

when top soil is reheated, the top soil layer may experience high pore-water pressure when 

rain and/or snowmelt infiltrate the unfrozen parts. This causes high pore-water pressure 

which increases the potential for a landslide to occur (Colleuille et al., 2009; Boje, 2011)  

 Human activity 

Human activities, such as deforestation, construction and road work can change the natural 

drainage of the slope or slope gradient, making it more prone to landslides (NVE, 2014c). 

In Norway, bad maintenance of culverts diverting water under roads and railways 

commonly triggers landslides. As water accumulates, caused by leaves, branches, rocks and 

ice preventing water from flowing through the culverts, the pressure on the culverts 

increase, possibly causing it to break and trigger landslides. This problem has often been 

observed at several Norwegian forest roads (Fergus et al., 2011). Another common problem 

related to human activities in Norway is clear cutting in steep, wooded slopes (NVE, 2014a).  
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3 Study area  

The area of study is confined to Southern Norway (Figure 5) that can be divided into four 

main physiographic and geomorphological regions; East (Reg.1), South (Reg.2), West 

(Reg.3) and Central (Reg.4) (NVE, 2014a). 

 

Figure 5) A map of the study area, Southern Norway. The 19 catchments, indicated with catchment number 

(see Table 3) are located in four regions. The gauging stations associated with the catchments are indicated. 
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 Physiography and geology 

In general, the landscape in South Norway ranges from mountains to low-lying areas and 

fjords. In Reg.1 and 2. the landscape is mostly hilly, characterized by forest, farmlands and 

gentle valleys. There is a spatial variation in the direction of the valleys with a northwest-

southeast direction in the western part and a north-south direction in the eastern part. Around 

the Oslofjord, where the valleys congregate, there is a large area of lowland. The largest 

lake, Mjøsa, the largest river, Glomma, and the two longest valleys, Østerdalen and 

Gudbrandsdalen, are located in Reg.1 (NVE, 2014a). Reg.3 is characterized by steep 

mountains and deep fjords reaching more than 200 km inland in to the glaciers. Reg.4 

consists of less steep landscape with rounded hills and mountains, and larger areas of 

lowlands (NVE, 2014a). A soil cover map of South Norway is shown in Figure 6 

(www.ngu.no). Reg.1 is mainly covered by moraine deposits. The soil layer in Reg. 2, 3 and 

3 is shallower. In general, larger areas of valley-sides and floors are covered by continuous 

till deposits. Avalanche deposits is mainly found in the western and northern parts of the 

study area.  

 

Figure 6) Soil cover map of South Norway. From Geological Survey of Norway (2016). 
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 Climate  

Due to the varied and complex topography, there are large local climate gradients in South 

Norway. The spatial distribution of precipitation is presented in Figure 7a 

(www.senorge.no). Reg.1 and 4, and most of Reg. 2, experiences a continental climate, with 

less precipitation (Stalsberg et al., 2012; NVE, 2014a). Along the west coast in Reg.3 the 

North Atlantic current forces warm, moist air across the coastal mountains causing high 

amounts of precipitation. In this area, the wettest parts of Norway are found from 

Hardangerfjorden to the Møre area, with a normal annual precipitation above 4000 mm. 

Contrary, the lowest normal annual precipitation, below 300 mm, are found inland (Reg.1) 

in Oppland municipality (NVE, 2014a). Figure 7b presents the spatial distribution of the 

normal annual runoff, which follows that of normal annual precipitation (www.senorge.no). 

The highest runoff is found in the western parts, with a discharge of more than 4000 mm pr. 

year. In Reg.1, the lowest runoff is found with a runoff below 200 mm pr. year. The spatial 

distribution of temperatures follows that of topography, with the highest values found along 

the coast in the western and southern parts. 

 Hydrological regimes 

The varied topography, geology and climate result in different hydrological regimes. In 

Reg.1, 2 and 4 the rivers are long with gentle slopes. In Reg.3 the rivers are relatively short 

and steep (NVE, 2014a). Air temperature is the main controlling factor on the snow season 

and the snowpack volume, thus the temperature regimes causes differences in the regional 

importance of snowmelt as a runoff generation process (Vormoor et al., 2015). Within the 

study area, roughly two basic patterns in runoff regimes are found (Vormoor et al., 2015). 

Reg.1, 2 and 3 are characterized by prominent spring flows during spring and summer, 

mainly due to snowmelt. The runoff is also large during autumn. During winter, snow 

accumulation causes dominant low water flow. Reg.3 experience prominent high flows 

during autumn, winter and spring, mainly due to the influence of precipitation falling as rain 

due to warmer winters. Numerous variations reflecting local climate as well as transitional, 

mixed regimes do, however, exist (NVE, 2014a; Vormoor et al., 2015).  
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(a)  

(b)  

Figure 7) Spatial distribution of normal annual precipitation (a) and normal annual runoff (b) from 1961 to 

1990 for Southern Norway. From www.senorge.no.  

 

 Studied catchments 

Within the study area, 19 catchments are selected from NVEs database Hydra II. The size 

of the catchments vary from 89 km2  in catchment 97.1 to 3086 km2 in catchment 122.9. It 

should be notet that catchment 122.9 and 109.42 include smaller catchments (122.11 and 
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122.17, and 109.9, respectively) which is refleceted in the information given in Table 3. In 

the landslide analysis in this thesis, however, they are treated as separate catchments (as 

presented in Figure 5). The lowest mean elevations are found in the southern parts of South 

Norway, while the highest mean elevtions are found in west (Reg.3). The steepest mean 

slopes are also found in the western parts, with two catchments, 77.3 and 97.1, associated 

with particularly steep slopes (49 º and 59 º, respectively). In contary, the mean slope in 

catchment 3.22 is only 3 º. For catchment 122.17, the mean slope is not found (noted NA). 

The maximum storage capasity, M, range from 38 mm in catchment 122.9 to 266 mm in 

catchment 83.2. The catchment characteristics describing the hillslope is derived by the 

distributions of distances from points in the catchment to the nearest river reach (see section 

5.1.3).  

Table 3) Catchment characteristics derived from NVEs database Hydra II and GIS analysis. M is total storage 

capacity [mm]. The hillslope characteristics in DDD is represented by the mean distance (𝑑 ̅) and maximum 

distance (dmax) from points in the catchment to the nearest river reach (see section 5.1.3)  

       Hillslope DD 

Catchment Reg. 
Area 

[km2] 

MAD 

[m3/s] 

Mean 

elevation 

[m.a.s.l.] 

Mean 

slope 

[º] 

M [mm] 
�̅�           

[m] 
dmax [m] 

2.614 Rosten 1 1834 33 1187 8 46 413 1500 

3.22 Høgfoss 1 299 3 153 3 56 212 1200 

18.10 Gjerstad 2 236 7 314 23 40 223 1000 

22.4 Kjølemo 2 1758 84 560 24 64 167 1500 

24.9 Tingvatn 2 272 16 589 27 85 161 700 

41.1 Stordalsvatn 3 131 14 684 36 164 151 960 

48.1 Sandvenvatn 3 470 38 1091 36 94 275 1480 

62.5 Bulken 3 1092 69 868 32 100 190 1200 

72.5 Brekke Bru 3 268 17 1272 37 103 255 1500 

77.3 Sogndalsvatn 3 111 8 1002 49 93 301 1500 

82.4 Nautsundvatn 3 219 19 464 34 80 191 990 

83.2 Viksvatn 3 508 45 841 39 266 222 1640 

88.4 Lovatn 3 235 18 1339 35 256 339 2000 

97.1 Fetvatn 3 89 8 592 57 75 330 1500 

109.42 Elverhøy 3 2437 72 1217 10 46 362 1500 

109.9 Risefoss 3 745 17 1347 22 58 406 1500 

122.9 Gaulfoss 4 3086 80 734 7 38 181 1200 

122.11 Eggafoss 4 654 18 843 29 45 172 1000 

122.17 Hugdal Bru 4 546 12 623 NA 44 213 1500 
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4 Data 

This chapter presents the landslide data, including information about the Norwegian 

landslide database, and the model data, including hydro-meteorological input data. 

Groundwater level observations are also presented. 

 Landslide data 

The landslide data has been extracted from the Norwegian landslide database 

(www.skrednett.no). A total of 76 landslide events have been selected (Figure 8). The 

landslide events include debris avalanches, debris flows and unspecified landslides in soil, 

i.e. either debris avalanches or debris flows. 

 

Figure 8) Spatial distribution of landslide events within the selected catchments. 
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The number of landslide events pr. catchment range from one event (catchments 3.22, 18.10 

and 77.3), to ten events (catchment 122.9). The landslides are recorded within the period of 

17th of March 1990 and 29th of October 2014. For several days there are more than one 

landslide event registered within one catchment, and in several catchments. A complete list 

of all landslide events can be found in Appendix I.  

The Norwegian landslide database  

The Norwegian landslide database is found online at www.skrednett.no. The database 

includes all types of mass movements, e.g. rockfalls, debris avalanches, debris flows, slush 

flows and snow avalanches (NVE, 2012). There are more than 50 000 landslide events 

registered until present time. The landslide events are represented as points placed where 

the landslide events hit the road or railway, or where the landslide caused damage or loss of 

life. The point of initiation is unknown. To some degree, the type of landslide, data, time of 

day, volume and damages are also registered (NVE, 2012).  

The landslide database is a unique national collection, providing a good overview of 

landslide events (NVE, 2012). The database has, however, its weaknesses and limitations. 

In general, the process of registration of landslide events is time consuming, always affected 

by subjectivity and the reliability of the landslide registrations is often difficult to 

evaluate/determine. The information about the landslide events often lack data (such as date, 

time of day, volume etc.) making it difficult to relate the landslide events to triggering 

factors or to analyze the vulnerability. Further, the database is not complete in that not all 

landslide events occurring in Norway are registered. The landslide events are only registered 

when infrastructure, such as road or railway, have been hit or when the landslides affected 

humans. For this reason a control quality is required before any analyses is performed (NVE, 

2012). 

 Model input data 

Daily resolution of precipitation, temperature and discharge are obtained from a 

meteorological grid of resolution 1 km x 1 km (www.met.no). The data are for the period 

01.09.1985 to 31.12.2014. The grid includes areal averages of precipitation and temperature 

values for ten elevation zones. The daily input data are from 06:00 am to 06:00 am, 

associated with the date from 00:00 to 06:00 am (Figure 9).  
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Figure 9) Illustration of calendar days (00:00-00:00) and meteorological data (06:00-06:00) 

Model performance relies on optimal input data and a data quality check has been 

performed. The input data (precipitation, temperature and discharge) was checked for gaps 

and missing data and if necessary, replaced with data collected from NVEs database Hydra 

II. In cases where there was only a few consecutive time steps of missing data and no data 

was available in Hydra II, the missing data was substituted using interpolation of the 

observed data the day before and the day after. All input data are provided by NVE.   

 Groundwater observations 

Times series of storage in the study catchments are not available. Measurements from 

groundwater wells [m below surface] are available, however, only for a few study 

catchments. Data from three groundwater wells, two in Sogndalsvatn (77.3) and one in 

Rosten (2.614) were collected from Hydra II. In Sogndalsvatn, well 1 is situated at the 

bottom of a hillslope, about 50 meters from the river and well 2 in situated at a higher part 

of the hillslope, about 100 meters from the river. Due to bad measurements, only data from 

1.1.2014 to 31.12.2014 will be used. In Rosten, the groundwater well is located about 100 

m from the river and at 566 m.a.s.l. The correlation between storage fluctuations simulated 

by the DDD and observed groundwater level fluctuations has previously been measured. In 

Grosettjern, Skaugen and Onof (2014) found a correlation of 0.71 (Table 4), while a 

correlation of 0.62 was found in Sula (Weltzien, 2015). The groundwater observations are 

provided by NVE.   

Table 4) Correlation from two previous studies between fluctuations in storage simulated by the DDD model 

and observed groundwater levels (Skaugen and Onof, 2014; Weltzien, 2015). 

Studies Correlation 

Skaugen and Onof (2014)  0.71 

Weltzien (2015)  0.62 
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5 Method 

 DDD model 

The DDD model (Skaugen and Onof, 2014; Skaugen and Mengistu, 2015) is a parameter-

parsimonious rainfall- runoff model that currently runs operationally at daily and three 

hourly time steps at the flood and landslide forecasting service at NVE together with the 

HBV model (Bergström, 1995; Sælthun, 1996). At present, the model is only used for flood 

predictions, not for landslides. The model is written in the programming language R 

(www.r-project.org). The input is precipitation [mm] and air temperature [ºC], while 

observed discharge [m3/s] is used as evaluation data. A summarization of the structure of 

the DDD model is given below. For a full description see Skaugen and Onof (2014) and 

Skaugen and Mengistu (2015).   

Model parameters 

Most of the parameters in DDD model are derived using a Geographical Information (GIS) 

and measurements, thus introducing only 10 calibrated parameters compared to 18 in the 

HBV model. The parameters derived using GIS include hypsographic curve, catchment area 

and the distance distributions of soils, bogs, glacier and river. The GIS analyses are carried 

out using the national 25 m x 25 m resolution digital elevation model (DEM) 

(www.statkart.no). Recession data, mean annual runoff and spatial variability of 

precipitation are used to derive parameters including, amongst others, the mean of 

subsurface water reservoir and shape and scale parameter of gamma distributed recession 

characteristics (see the following sections). Other parameters have fixed values obtained 

through experience in calibrating DDD for gauged catchments in Norway. A few parameters 

are also set a fixed value that are within the recommended range for the HBV model 

(Sælthun, 1996). The model parameters with comments and methods of estimation are 

found in Appendix II. 

5.1.1 General model structure 

The DDD model can be structured in three main subroutines: subsurface module, runoff 

dynamics, including hillslope routing and river routing, and the snow routine. Catchments 

are divided into 10 elevation zones with equal area. For each elevation zone, the 

precipitation and temperature is extracted directly from gridded data sets of resolution 1x1 
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km. This allows us to obtain reasonable simulated values of discharge without the need for 

a calibration correction of the lapse rates of precipitation and temperature. Only a general 

up-down adjustment of precipitation is calibrated. Four types of landscape and vegetation 

are included in the model; soil, bogs, glacier and river.  

Here follows a detailed description of the updated subsurface module (Skaugen and 

Mengistu, 2015), runoff dynamics, i.e. hillslope- and river routing, and the snow module. 

5.1.2 Subsurface module 

The subsurface has a 2D representation in that it calculates the saturated and unsaturated 

soil moisture along a hillslope representing the entire catchment in question.  The model 

estimates the capacity of the subsurface reservoir at different levels of saturation and 

predicts overland flow. Recently, a new formulation of the subsurface has been presented 

(Skaugen and Mengistu, 2015), where the parameters are derived solely from observed 

recession data and the mean annual runoff, thus introducing no additional calibration 

parameters in the subsurface module. An illustration of the subsurface reservoir is presented 

in Figure 10. 

 

Figure 10) Illustration of the subsurface water reservoir M of the DDD model. G(t) represents the input of 

rain and snowmelt. The total storage capacity M is divided between a saturated zone S and an unsaturated 

zone D. The actual soil moisture in D is Z. The ratio (G(t)+Z(t))/D(t) controls the release of excess water to 

S and hence to runoff. (From Skaugen and Onof, 2014)   

The groundwater reservoir is parameterized by its mean catchment scale storage, ms, which 

is assumed equal to the water in the soils at steady state. In the subsurface module  the total 

volume capacity of the subsurface storage is specified by the parameter, M [mm], which is 
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shared between a saturated zone, S [mm], and an unsaturated zone, D [mm]. Note that both 

S and D are states and change with time, but the sum is will always be M. The input, G 

[mm], which is added to D, is a sum of precipitation and snowmelt, P [mm] and sm [mm], 

respectively. The actual water content in D is called Z [mm] and is referred to as the 

volumetric water content. After time, t, the volumetric water content is evaluated and the 

subsurface are updated depending on whether the volumetric water content exceeds a field 

capacity threshold, R, of 30 % of D(t). If so, the excess water, X(t) [mm], is added to the 

S(t).  

 

Actual evapotranspiration, Ea(t), drawn from Z, is a function of potential 

evapotranspiration, Ep [mm day-1], and the level of storage. Potential evapotranspiration is 

estimated using a degree-day factor, θcea [mm ºC-1 day-1], which for positive temperatures 

(T) is positive and for negative temperatures zero. Q (t) is runoff and the equations for the 

runoff dynamics are given in section 5.1.3. To summarize:  

 Input:     𝐺(𝑡) =  𝑃 (𝑡) + 𝑠𝑚(𝑡)   (1) 

 Potential evapotranspiration: 𝐸𝑝(𝑡) = 𝜃𝑐𝑒𝑎 × 𝑇(𝑡)    (2) 

 Evapotranspiration:  𝐸𝑎(𝑡) = 𝐸𝑝(𝑡) ×  
𝑆(𝑡)+𝑍(𝑡)

𝑀
   (3) 

 Excess water:   𝑋(𝑡) = 𝑀a𝑥 {
𝐺(𝑡) + 𝑍(𝑡)

𝐷(𝑡)
− 𝑅, 0} 𝐷(𝑡). (4) 

 Groundwater:    
𝑑𝑆

d𝑡
= 𝑋(𝑡) − 𝑄(𝑡).    (5) 

 Soil water content:   
𝑑𝑍

d𝑡
= 𝐺(𝑡) − 𝑋(𝑡) − 𝐸𝑎(𝑡).   (6) 

 Soil water zone:   
𝑑𝐷

d𝑡
= −

𝑑𝑆

d𝑡
.     (7) 

 

The variability of the hydrograph is found to be largely controlled by M, with an increased 

amplitude of the hydrograph associated with smaller storage capacity and vice versa. In 

order to solve the non-observability of fluctuations of catchment-scale storage, the 

catchment-scale storage is assumed to be related to recession and its distribution. The 

distribution of storage is thus considered a scaled version of that of recession. The 

subsurface reservoir increases non-linearly according to the shape of the distribution of 
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recessions. The total storage capacity, M, which is derived using observed recession data 

and the mean annual runoff, is divided into i storage levels, all assigned different wave 

velocities, or celerities [ms-1] (See Skaugen and Onof, 2014).  

5.1.3 Runoff dynamics 

The runoff dynamics, i.e. hillslope- and river routing, are completely parameterized from 

observed catchment features derived using GIS and runoff recession. The distance 

distributions (Figure 11) express the areal fraction of the catchment as a function of distance 

from the river network. The distance from points in the catchment to the nearest river is 

found to be exponentially distributed, 

𝑓(𝑑) = 𝛾 𝑒−𝛾 𝑑.        (8) 

The parameter γ equals: 

𝛾 = 1/�̅�         (9) 

where �̅� is the mean distance, which differs from catchment to catchment.  

 

Figure 11) The empirical cumulative distribution function of distances between points in the catchment to the 

nearest river reach (circles)in catchment 62.5, Bulken. The solid line represents an exponential distribution 

function fitted to the data. The mean distance is �̅�=190.2 m and the maximum distance is dmax = 1500.0 m 

The distance distribution can be visualized in a different way (Figure 12) with the areas for 

each distance interval, Δd, plotted against the distance to the river network. The ratio 

between the areas is constant, κ, and can be related to γ as: 

𝛾 = −𝑙𝑜𝑔 (𝜅) / 𝛥𝑑       (10) 

The water (i.e. rainfall or snowmelt) added to the catchment is transported through the soils 

to the river network by waves of celerities, v, determined by the saturated storage, S(t), in 

the catchment. The distance travelled by water, Δd, during a suitable time step, Δt, is: 
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𝛥𝑑 = 𝑣𝛥𝑡         (11) 

and by rearranging and combining Eq. 9, Eq. 10 and Eq. 11, the celerity can be formulated 

as:  

𝑣 =  
−𝑙𝑜𝑔 (𝜅)�̅�

𝛥𝑡
.         (12) 

 

Figure 12) Catchment area as a function of distance from the river network for the same catchment as in 

Figure 11 (62.5, Bulken). The ratio ,κ, between the consecutive areas is shown as “Ratio”. 

 

The celerities, vi, associated with the different storage levels, i, are determined by the actual 

storage, S(t), and estimated using the exponential recession with parameter Λ, in 𝑄(𝑡)  =

 𝑄0 𝛬𝑒− 𝛬(𝑡−𝑡0), where Q0 is the peak discharge immediately before recession starts. The 

parameter Λ, 

𝛬(𝑡) =  𝑙𝑜𝑔(𝑄(𝑡)) − 𝑙𝑜𝑔(𝑄(𝑡 + 𝛥𝑡)),     (13) 

is the slope per Δt of the recession and is related to the constant κ as: 

𝛬 = − 𝑙𝑜𝑔(𝜅).         (14) 

From Eq. 12 and Eq. 14 the celerity, v, can also be written as a function of Λ as:  

𝑣 =
𝛬 �̅�

𝛥𝑡
.         (15) 

The storage levels, i, of M are divided corresponding to the quantiles of the distribution of 

Λ under the assumption that higher storage is related to higher values of Λ. Each individual 

storage level i has a unit hydrograph (UH) with the parameter λi, estimated such that the 
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runoff from several storage levels will give a UH equal to the exponential UH with 

parameter Λi, i.e. 

𝛬𝑖e
− 𝛬𝑖(t−t0) = ω1λ1e− λ1(t−t0) +  ω2λ2e− λ2(t−t0) + ⋯ + ω𝑖λ𝑖e

− λ𝑖(t−t0)   (16) 

where 𝛬𝑖 is the recession characteristic for the sum of storage levels up to i, i.e. 𝛬1 =

𝑓(λ1),  𝛬2 = 𝑓(λ1, λ2) etc., and ω𝑖 are the weights associated with the discharge from each 

level estimated by 

𝜔𝑖 =  
𝛬𝑖

∑ 𝛬𝑘
𝑖
𝑘=1

.           (17) 

The celerity for each storage level is 

𝑣𝑖 =
𝜆𝑖�̅�

𝛥𝑡
           (18) 

As mentioned in section 5.1.2 ,the shape of the distribution of S is assumed to be equal to 

that of recession, Λ. The distributions of Λ, and thus S, are modelled as a two-parameter 

gamma distribution: 

𝑓(Λ) =  
1

β𝛅Γ(𝛅)
Λ𝛅−1exp (− (

Λ

β
) , δ >  0, 𝛽 >  0,         (19) 

where δ and β are shape and scale parameters respectively and estimated from observed Λs 

(Eq. 13) and 

𝑓(S) =  
1

𝜂𝛅Γ(𝛅)
S𝛅−1exp (− (

S

𝜂
))                       (20) 

Where η is the scale parameter: 

𝜂 = β/c                 (21) 

and c is a constant and equal to  

𝑐 = Λ̅/𝑚𝑠               (22) 

Λ̅ is the mean value of Λ and estimated from the parameters of the fitted gamma distribution 

and representing the mean recession characteristic. The parameter δ is the same for the two 

distributions since the distribution of S is a scaled version of Λ.  

In the DDD model, overland flow occurs when S = M, i.e. when the subsurface is completely 

saturated. Overland flow is then the excess water X(Δt) which is assigned to a saturation 
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level not included in M. The celerity for this level of saturation is derived from the 99 % 

quantile of the exponential distribution fitted to λ.  

5.1.4 Snow routine 

In the snow routine, snowmelt is calculated using a degree-day model. The amount of 

snowmelt is a linear function of the difference between the calibrated threshold temperature 

for melting and actual air temperature, Ta.  

 𝑠𝑚 =  𝐶𝑋 × (𝑇𝑎 – 𝑇𝑆) [𝑚𝑚]       (23) 

where CX is the degree-day factor and TS is the threshold temperature when snowmelt starts.  

A two-parameter gamma distribution is used to model both the spatial distribution of 

accumulated snow water equivalent (SWE) and the melting: 

𝑓ν𝑜α𝑜 
(𝑦) =

1

𝛤(ν𝑜)
α𝑜

ν𝑜𝑦ν𝑜−1𝑒−α𝑜𝑦         (24) 

where Γ is the gamma function, shape, νo, and scale, αo, are parameters and y is a random 

variable.  

The shape, νo and scale, αo, parameters are estimated from observed spatial variability of 

precipitation. The spatial probability density functions (PDF) of accumulation or melt 

events differ in shape according to intensity. For a detailed description of the snow routine 

in DDD see Skaugen and Randen (2013) and Skaugen and Weltzien (2015).  

 Distribution of storage along the hillslope  

In the DDD model, the 2-D state of the subsurface can be assessed at any point in the 

simulated time series by simple statements in the model code. One can also assess the 2-D 

states at any point of the hillslope by creating additional code to be included in the model 

code. In this thesis, additional R-code assessing the hillslope at each 100 m interval, i.e. Δd 

= 100m, from the river to the top of the hillslope was created. The purpose of this section is 

to explain how the temporal and spatial distribution of the subsurface in the DDD model 

allows the subsurface state to be assessed at any points along the hillslope. First, a brief 

summary of the subsurface and the runoff dynamics in the DDD model is given. 

 

The DDD model determines the distribution of distances from a point in the catchment to 

its nearest river reach by creating equidistant buffers around the river network (Figure 13). 

The areas of the equidistant buffers decrease with increasing distant from the river reach 
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(white to black color) and thus, the equidistant buffer adjacent to the river reach represents 

the largest area. This is equivalent to the catchment areas representing the distance 

distribution in Figure 12. For a given distance interval, here Δd = 100, the equidistant buffer 

adjacent to the river reach represents the same catchment area as the catchment area at the 

bottom, i.e. the largest box, in Figure 12. The area of the equidistant buffer furthest away 

from the river reach is the same as the catchment area at the top, i.e. the smallest box, in 

Figure 12. 

 

Figure 13) Equidistant buffers created around the river network to determine the distance distribution in the 

DDD model, i.e. the distance from points in the catchment to the nearest river reach (Ivar Peereboom, NVE). 

Figure 14a shows a snapshot of how the storage is modelled by the DDD. The catchment is 

represented as one hillslope where the x-axis shows the distance from the river to the top of 

the hillslope. The y-axis shows the different storage levels, i, where level i=1-4 represents 

the total volume capacity, M, and level i=5 represents overland flow. The wetting up of a 

catchment occurs from the riparian zone outwards and up the hillslope. In Figure 14b, the 

same figure is illustrated in 3-D with the distance along the river reach added as a third axis. 

The red, solid lines represent Δd where three intervals of the hillslope, used in this analysis, 

are noted. The intervals are referred to as the lower-, middle- and upper hillslope, or points 

of the hillslope. 
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                   (a)     

                  (b)  

Figure 14) Snapshot of the storage of the DDD where the catchment is represented as one hillslope. a) The x-

axis shows the distance from the river to the top of the hillslope. The y-axis shows the storage levels where 1-

4 represents the total storage capacity and level 5 represents overland flow. The outline of boxes (especially 

seen in the higher storage levels) represents an area according to the distance distribution and the associated 

celerity that will drain pr. time interval. The darker the blue color, the more water is present in the box. In b) 

the same as in a) is illustrated in 3-D with the distance along the river reach added as a third axis. The solid, 

red lines represents the distance interval, Δd = 100m. The three points of the hillslope (lower-, middle-, and 

upper hillslope) used in the landslide analysis are marked. 
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As described in section 5.2.1, each storage level has a UH and is associated with a 

celerity, 𝑣𝑖. Thus, each storage level is associated with a unique representation of the 

catchment areas as a function of distance from the river (Figure 15). In Figure 14, this is 

represented by the outline of boxes, especially seen in the higher storage levels. Each box 

represents an area according to the distance distribution and the associated celerity that will 

drain pr. time interval. The higher the celerities, the more of the catchment area is drained 

pr. time unit, represented by the widths of the boxes. Because the water flows faster on the 

surface than in the subsurface, the largest boxes are found in storage level 5 (overland flow). 

In M, the width of the boxes decreases downward due to decreasing celerity, i.e. less water 

drained pr. time interval. The darker the blue color, the more water is present in the box.  

The number of intervals, j, from the river reach to the top of the hillslope is equal to dmax/Δd. 

Figure 14a and b can be seen together with the equidistant buffers (Figure 13) and with the 

catchment area as a function of distance from river reach (Figure 12). For a given interval 

length, the interval adjacent to the river (marked “lower hillslope”) in Figure 14b represents 

the same area as the equidistant buffer area adjacent to the river in Figure 13 and the area 

represented by the box at the bottom in Figure 12. 

 

Figure 15) Catchment area as a function of distance from the river network representing the four storage 

levels in M: level 4 (top left), level 3 (top right), level 2(bottom left), and level 1 (bottom right). 
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The fact that the width of the boxes increase with  increasing storage level means that within 

a Δd, the number of boxes included from each storage level varies, with the highest number 

of boxes included from storage level 1. For example, let us say that one box in storage level 

4 represents 100 m. Then, within the 100 m, storage level 3, 2 and 1 might for example be 

represented by 1.5 boxes, 4 boxes and 10 boxes, respectively. In other words, for Δd = 

100m, the water present in storage level 4 is drained after one time step, while the water 

present in storage level 1 is drained after 10 time steps. Thus, the storage within each Δd is 

found by integrating across the vertical layers in M. Integration across storage level 1-5 

gives the total amount of water present within each Δd. 

 The sum of all storage values at each interval is equal to the total storage in the catchment: 

𝑆(𝑡) =  ∑ 𝑆𝑗
𝑗
1 (𝑡)         (25) 

where Sj is the storage at each interval and j=dmax/Δd is the total number of intervals. 

Any input, U, is distributed in time along the hillslope by a UH. For a UH with ratio of e.g. 

0.75, the immediate area upstream is only 0.75 the size of the adjacent area downstream and 

thus receive 0.75 the amount of rainfall. For a hillslope divided into j intervals the storage 

due to U at each interval will be 

𝑆𝑗 = 𝑈 ∗
𝑎𝑗

𝐴
         (26) 

where aj is the area associated with each interval and A is the total catchment area.  

Note that Sj does not express the local depth of water, but rather a scaled value. The depth 

of water [mm] at each area interval can be calculated by 

𝑈 = 𝑆𝑗 ∗
𝐴

𝑎𝑗
         (27) 

where U not only refers to the input at present time but also depends on the input from all 

previous time steps upslope. 

The storage values at the lower, middle and upper hillslope (Slower, Smiddle and Supper,  

respectively) are not recalculated by Eq. 29 and thus expressed as scaled values throughout 

this thesis. The scaled storage values are thus combinations of the scaled input at the present 

time and the scaled water redistributed from upslope (from all previous time steps). The 

lower hillslope always represents the first 100 m from the river network, i.e. 0-100 m from 

the river. The distance from the river to the middle hillslope and to the top hillslope vary 

with catchment, as the maximum distance, dmax, vary. The upper hillslope is chosen to 
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represent the distance interval second furthest away from the river. This is because the 

distance interval furthest away from the river represents a very small area. There is no 

maximum storage capacity defined for each Δd. Therefore, the maximum storage capacity 

at each point of the hillslope in each catchment is considered to be the highest simulated 

value, Sj_max, at each point of the hillslope in each catchment. The Sj_max only occur once 

during the entire calibration and validation period. 

 Model calibration and validation  

The model input data is divided about half into a calibration- and a validation period. For 

all catchments, except 122.9 (Gaulfoss) and 122.17 (Eggafoss), the validation period is from 

1st of September 1985 to 31st of August 2000, and the calibration period from 1st of 

September 2000 to 31st of December 2014 (Table 5).  

The model runs automatically with the calibration program MCMC (Markov chain Monte 

Carlo) (Soetart and Petzholdt, 2010). The MCMC seeks to minimize the differences 

between the modeled and observed runoff values. The Nash-Sutcliffe model efficiency 

coefficients (NS) (Nash and Sutcliffe, 1970) is used as the goodness-of-fit measure. The NS 

range between -∞ and 1, with zero indicating equal skill to that of the mean annual discharge 

(MAD) and one means a perfect simulation, i.e. equal values.  

The NS equation is as follows:  

𝑁𝑆 = 1 −
∑ (𝑄𝑡

𝑜𝑏𝑠− 𝑄𝑡
𝑠𝑖𝑚 )

2𝑛
𝑡=1

∑ (𝑄𝑡
𝑜𝑏𝑠− 𝑄𝑚𝑒𝑎𝑛

𝑜𝑏𝑠  )
2𝑛

𝑡=1

        (28) 

where n is the number of time steps, 𝑄𝑡
𝑜𝑏𝑠 and 𝑄𝑡

𝑠𝑖𝑚 are the observed- and simulated 

discharge at time t, respectively, and 𝑄𝑚𝑒𝑎𝑛
𝑜𝑏𝑠  is the mean observed discharge.  

The mean and standard deviation of NS using ten different parameter sets is used to evaluate 

the model. In order to take into account the equifinality associated with the nature of the 

model the parameter sets are associated with the quantiles (100, 97, 95, 92, 90, 87, 85, 82, 

80 and 78 %) of distribution of NS from the MCMC calibration are used to evaluate the 

model. This will also prevent an optimum, which might be optimal for the wrong reasons.  
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Table 5) Calibration and validation period for the 19 catchments. 

Catchment Calibration period Validation period 

2.614, 3.22, 18.10, 22.4, 24.9, 41.1, 

48.1, 62.5, 72.5, 77.3, 82.4, 83.2, 

88.4, 97.1, 109.9, 109.42, 122.11 

01.09.2000 -31.12.2014 01.09.1985  - 31.08.2000 

122.9 01.09.2002 - 31.12.2014 31.09.1988 -31.08.2002 

122.17 01.09.2007 - 19.09.2014 01.09.1985  - 31.12.2000 

 

  Selection of landslide data 

A total of 76 landslide events have been used in this study(Figure 8), selected using ArcMap. 

When selecting the landslides the following restrictions were made; 1) all debris avalanches, 

debris flows and unspecified landslides in soil, 2) landslides situated within a DDD (HBV) 

catchment and 3) landslides occurring within the period 1st of September 1985 to 31st of 

December 2014. Only landslides with known time of occurrence were selected. In particular 

those registered as “exact time”, “within a few hours”, “within a day” in the “column of 

uncertainty”. When more than one landslide occurred in the same catchment at the same 

day but at different locations, the landslide events were grouped to one event as they are 

associated with the same hydro-meteorological event. The precipitation and temperature a 

few days prior to the landslide events were studied and the landslides occurring when there 

was little or no precipitation were removed. These registrations are most likely rockfalls, 

i.e. incorrect registrations, or landslides occurring as a result of snowmelt (not the focus in 

this study).  

 

When looking at the model input data (precipitation and temperature) associated with the 

chosen landslide events, the DDD model was found to experience some problems modelling 

the precipitation input at temperatures around 0-1º C. As described in section 5.1, the 

precipitation is simulated as either rain or snow based on a threshold temperature. In reality, 

precipitation commonly falls as snow in the higher, colder parts of the catchment and rain 

in the lower parts (Engen-Skaugen et al., 2007). This have resulted in some errors in the 

simulated values of snow reservoir- and storage, which can be seen as an increase in the 

snow reservoir instead of an increase in storage. During winter and colder periods, this is, 

obviously, a common scenario. However, when a landslide is recorded under such 

circumstances, either the simulation is correct and the landslide is a misregistration (most 
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likely a rockfall), or there is an error in the simulation. In the latter case, some or all of the 

precipitation should be modelled as rainfall, thus increasing the level of storage. The 

landslide events recorded under such circumstances were removed.  

 

In order to get the best possible dataset of landslide events for the analysis, the final list of 

the selected landslide events was controlled by looking at aerial photos, maps of topography 

and when available, orthophotos taken before and after the landslide events was studied to 

identify landslide features The landslide events believed to be misregistrations were 

therefore removed.  

 Qualitative landslide investigation 

The main objectives of this study are achieved through the sub-objectives listed at the end 

of chapter 1, which involves exploring the simulated results of the DDD model in various 

ways at a window of time surrounding the landslide events. As a reminder, the main 

objectives are to 1) determine if the DDD model has any capacity to predict the hydrological 

conditions triggering landslides and 2) investigate how hysteresis is represented in the 

model and how it relates to landslide occurrences. The procedures associated with the sub-

objectives are described in the following sections.  

5.5.1 Storage as an indicator for landslide occurrence. 

Water in soil is considered the main factor for triggering landslides (described in section 

2.2.3) and thus the motivation for looking at the saturated storage values, S(t) simulated by 

the DDD model as an indicator for landslide occurrences. The storage values were evaluated 

in terms of saturation (% of maximum storage capacity, M). Due to the shift in 

meteorological days and landslide days, i.e. calendar days, the storage values were 

investigated the day of the landslide events (D_Landslide), as well as the day prior to the 

landslide events (D-1_Landslide). The distribution of the saturations found for the 76 

landslide events were calculated, including the maximum and minimum saturation, median 

and mean, and 1st and 3rd quantile. The 1st and 3rd quantile gives the saturation level of which 

¾ and ¼ of the landslide events are above, respectively.  



METHOD  45 

5.5.2 Temporal dynamics of saturation for landslide events  

Landslides often occur during heavy rainfall, caused by a rapid rise in groundwater level, 

or when the soil experiences prolonged high saturation due to the succession of medium 

rainstorms (see section 2.2). Based on this, the temporal dynamics of saturation at the time 

surrounding the landslide events were investigated. The landslides were evaluated in terms 

of the behavior of saturation up to the events; a sharp gradient in saturation, a prolonged 

high saturation or both. The landslide with no such dynamical indicators are said to have 

“no indications for landslide occurrence”. A prolonged high saturation was initially 

determined to be three or more consecutive days of completely saturated conditions (S=M). 

However, the soil was also said to experience prolonged high saturated if there were some 

days with almost completely saturated conditions during a longer period of completely 

saturated conditions. The investigation of the temporal dynamics of saturation was 

performed by visual inspection of bar plots of saturation 20 days prior to the landslide events 

(and 10 days following).  

 

Finally, for the landslide events found with no indications for landslide occurrence the 

simulated discharge (Qsim) were checked against observed discharge (Qobs) to see if there 

were large deviation possibly indicating errors in the simulated storage. 

5.5.3 Landslide occurrences and overland flow  

Overland flow is simulated when the subsurface is completely saturated. Based on the 

knowledge that landslides typically occur under completely saturated conditions, the 

simulation of overland flow [mm]  by the DDD was investigated for the D_Landslide and 

D-1_Landslide. Note that overland flow is the water found in storage level 5 in Figure 14. 

The “total water” [mm] or “storage/saturation including overland flow” is the water in 

storage level 1-5. The temporal dynamics of saturation including overland flow (in % of M) 

was investigated to see it the landslides were characterized by a peak in the values of 

overland flow. Since the values are given in percent of maximum storage capacity, M, the 

values above 100 % indicate the presence of overland flow.    
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5.5.4 Indications for landslides in the characteristics of the subsurface along the 

hillslope  

The three points of the hillslope (lower, middle and upper) were investigated in similarity 

to the entire catchment, described in the sections above. However, as described in section 

5.2, the storages at the three points of the hillslope are scaled values and there is no defined 

maximum storage capacity for each point. Thus, for each catchment, the level of saturations 

at each point were determined based on the maximum simulated value associated with each 

point in each catchment (Slower_max, Smiddle_max and Supper_max).  

5.5.5 Hysteresis and landslide occurrences  

Based on the knowledge that landslides are closely related to hydrological responses, the 

simulated storage-discharge hysteresis represented by the DDD model at the time 

surrounding the landslide events were investigated. The storage [mm] and the discharge 

[mm/day] were plotted in a suitable window of time surrounding the landslide events. The 

hysteresis were evaluated in terms of the direction of the loops (Figure 1). The hysteresis 

were investigated at both catchment scale (S-Q), as well as at the three points of the hillslope 

(Slower-Q, Smiddle-Q and Supper-Q). Finally, the landslides were evaluated in terms of where 

they occurred on the hysteretic loop; during the recharge (rising limb), on the top or during 

the recession (falling limb). 
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6 Results 

In the following, the model performance and model validation by groundwater 

measurements are presented. The successive sections present the simulation results, i.e. the 

results of the qualitative landslide investigation (section 5.5). First, the results of the 

characteristics of the subsurface (sections 5.5.1-5.5.3) are presented for the entire 

catchment. A separate section with the results for the hillslope follows. In the last part of 

this chapter, the results of the storage-discharge hysteresis is presented, including how 

hysteresis is represented in the DDD model, at catchment scale as well as at hillslope scale, 

and finally how the landslide occurrences are related to hysteresis. 

  Model calibration and validation results 

The Nash-Sutcliffe model efficiency coefficients for the calibration period (NS Cal.) and 

for the validation period (NS Val.) are seen in Table 6. The standard deviations (brackets), 

indicate the spread of the NS from ten runs and thus the uncertainty of the model.  

Table 6) Performance of the Distance Distribution Dynamics measured by the Nash-Sutcliffe criterion for the 

19 catchment. The bracketed numbers indicate standard deviation of NS from ten runs. 

Catchment NS Cal. NS Val. 

2.614 Rosten 0.85 (0.005) 0.85 (0.015) 

3.22 Høgfoss 0.71 (0.001) 0.62 (0.014) 

18.10 Gjerstad 0.82 (0.006) 0.76 (0.010) 

22.4 Kjølemo 0.74 (0.003) 0.71 (0.003) 

24.9 Tingvatn 0.88 (0.005) 0.79 (0.006) 

41.1 Stordalsvatn 0.79 (0.006) 0.78 (0.028) 

48.1 Sandvenvatn 0.84 (0.006) 0.80 (0.012) 

62.5 Bulken 0.86 (0.005) 0.86 (0.017) 

72.5 Brekke 0.81 (0.003) 0.73 (0.008) 

77.3 Sogndalsvatn 0.82 (0.004) 0.78 (0.004) 

82.4 Nautsundvatn 0.86 (0.005) 0.85 (0.011) 

83.2 Viksvatn 0.81 (0.008) 0.80 (0.009) 

88.4 Lovatn 0.90 (0.003) 0.89 (0.004) 

97.1 Fetvatn 0.65 (0.003) 0.63 (0.007) 

109.42 Elverhøy 0.71 (0.004) 0.74 (0.006) 

109.9 Risefoss 0.78 (0.005) 0.78 (0.008) 

122.11 Eggafoss 0.78 (0.005) 0.80 (0.009) 

122.17 Hugdal Bru 0.70 (0.012) 0.78 (0.022) 

122.9 Gaulfoss 0.82 (0.005) 0.83 (0.006) 

 MEAN 0.80 (0.005) 0.78 (0.010) 
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The overall calibration results range from 0.65 to 0.90, with a mean of 0.80. More than half 

of the catchments have NS Cal. equal to or above 0.80. The validation results gave, for many 

catchments, relatively similar values as the calibration results with a mean NS of 0.78. Eight 

catchments have NS. Val equal to or above 0.80. The standard deviations are lower for the 

calibration period than the validation period.   

 Validation of DDD model by comparing fluctuations of the simulated 

storage and groundwater observations  

The DDD model is validated by comparing the simulated storage [mm] (catchment value) 

to observed groundwater levels [m below ground]. Since the measuring units are different, 

the values cannot be compared directly and therefore, the fluctuations of the simulated 

storage is compared with the fluctuations of the observed groundwater levels. The results 

of the correlation is presented in Table 7. Even though the groundwater levels not 

necessarily represents the fluctuation of the entire catchments, the results from catchment 

2.614 in Table 7 suggest that the simulated storage and groundwater level coincide. In 

catchment 77.3, the correlation is zero. However, the correlation is found to be not 

significant with a p-value above 0.3. A correlation is said to be significant if the p-value is 

below 0.05.  

Table 7) Correlation between fluctuations of simulated storage and observed groundwater level 

 Correlation 

Catchment 2.614 0.79 

Catchment 77.3 0.05 

 

In Figure 16a, simulated storage fluctuations at the lower, middle and upper hillslope is 

presented. In Figure 16b, groundwater fluctuations at the two wells situated at two points of 

a hillslope (referred to as lower and upper well) in catchment 77.3 is presented. Note that 

the lower and upper well are located closer to each other (about 50), than the distance 

between the lower, middle and upper hillslope in DDD model. By visual inspection, it is 

clear that the fluctuations vary along the hillslope, especially seen in Figure 16a between 

the lower hillslope and the two other points of the hillslope. The coefficient of variation 

(cv), i.e. the dispersion of the data around the mean, for the observed groundwater levels is 
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found to be 0.188 and 0.438 for the lower and upper well, respectively. For the simulated 

storage values along the hillslope in DDD model, the cv shows the same pattern of 

increasing cv upslope with 0.512, 0.459 and 0.785 for the lower, middle and upper hillslope, 

respectively.  An increasing cv upslope is found for all 19 catchments included in this 

analysis. 

 

 

Figure 16) Fluctuations in catchment 77.3 for  a) simulated storage for the lower, middle and upper hillslope, 

and b) observed groundwater level at two wells located in a slope (lower and upper).  

 

 Storage as an indicator of landslide occurrence 

This section presents the results of the simulated, storage values (catchment values) found 

with the 76 landslide events. The storage was investigated the day of the landslide events 

(D_Landslide) and the day prior to the landslide event (D-1_Landslide). 

 
In Table 8, the number of landslide events associated with completely saturated conditions 

are given. As many as 53 landslide events (70 %) occur during completely saturated 

conditions (SD_Landslide = M). Of these, the soil reach completely saturated conditions the 

same day as the landslide event for eight events (i.e., SD-1_Landslide < M and SD_Landslide = M). 

Thus, 45 events occur at least one day after the soil reach complete saturation (SD-1_Landslide 
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=M and SD_Landslide = M). 70 % of the landslide events are also associated with completely 

saturated conditions the day prior to the events (SD-1_Landslide =M), meaning that eight 

landslide events that occur under partially saturated conditions are associated with 

completely saturated conditions the day prior to the landslide (i.e., SD-1_Landslide =M and 

SD_Landslide < M). 

Table 8) The number of landslide events associated with completely saturated conditions (S=M) and 

partially saturated conditions (S<M). 

 

Number of landslide events 

Saturated conditions Partially saturated conditions 

D-1_Landslide 53 events (70 %) 23 events (30 %) 

D_Landslide 53 events (70 %) 23 events (30 %) 

 

In Table 9, a summary of the distribution of saturation (given in percent of maximum storage 

capacity, M) is presented. The summary shows that the majority of the landslide events 

occur for very high storage values. Only a few landslide events occur for relatively low 

storage values, with the minimum saturation found at 69 %. The 1st quantile tells us that 75 

% of the landslide events are associated with storage values higher than 94.5 % of M.  

Of the 23 landslide events occurring under partially saturated conditions, 12 events occur 

for saturations  above 90 %,  in which four events occur for saturations above 95 %. The 

landslide events are also associated with high storage values the day prior to the landslide, 

only slightly lower than for D_Landslide.  

Table 9) A summary of the distribution of storage in percent of maximum storage capacity, M. 

Distribution of storage [% of M] 

 Min. 1st Quant. Median Mean 3rd Quant. Max. 

D-1_Landslide 47.5 93.0 100.0 94.5 100.0 100.0 

D_Landslide 69.0 94.5 100.0 97.0 100.0 100.0 
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 Temporal dynamics of saturation for landslide events  

This section presents the results of the temporal dynamics of saturation (catchment values) 

at the time surrounding the landslide events.  

 
The majority of the landslide events are characterized by either a sharp gradient in saturation 

(37 events), a prolonged high saturation (16 events) or both (17 events) (Table 10). This 

means that more than 90 % of the landslide events have indications for landslide occurrence 

in the temporal dynamics of saturation. Only eight landslides are found with no dynamical 

indications, in which three events occur during completely saturated conditions. Keep in 

mind that a prolonged high saturation refers to three or more consecutive days of completely 

saturated conditions. An event can therefore occur during completely saturated conditions 

without being associated with a prolonged high saturation.  

Table 10) The temporal dynamics of saturation associated with the 76 landslide events. 

 Number of landslide events  

Sharp gradient 37 events 

Prolonged high saturation 16 events 

Both the above 17 events 

Neither the above  6 events 

 

Examples of the temporal dynamics of saturation for four landslides occurring during 

completely saturated conditions is presented in Figure 17. The events are characterized by 

a sharp gradient in saturation (a), a prolonged high saturation (b), both (c) and no indication 

(d). The landslide found with no indications occur after a gradually increase in storage one 

day after completely saturated conditions are reached. In Appendix III, the temporal 

dynamics of saturation for all landslide events are presented.  
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Figure 17) Bar plots of the temporal distribution of for four landslide events occurring during completely 

saturated conditions. a) a sharp gradient (04.10.04), b)prolonged high saturation(14.11.05), c) both a sharp 

gradient and a prolonged high saturation(22-23.05.13) and d) no indicators (only found with completely 

saturated conditions)(28.10.14). The red bars represent the day(s) of the landslide event(s). 

In Table 11, the results of the temporal dynamics of saturation for the 23 landslides 

occurring under partially saturated conditions are given (presented in Table 8). These events 

are especially interesting since they are not indicated by the storage values, i.e. do not occur 

during completely saturated conditions. Note that landslides occurring under partially 

saturated conditions can be associated with a prolonged high saturation if they occur shortly 

after a period of consecutive days of completely saturated conditions. Table 11 shows that 

15 events are found with a sharp gradient in saturation, while three events occur shortly 

after a period of prolonged high saturation. Finally, four events have no such characteristics.  
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Table 11) The temporal dynamics of saturation found for the 23 landslide events occurring under partially 

saturated conditions. 

 Number of landslide events  

Sharp gradient 15 events 

Prolonged high saturation 3 events 

Both the above 1 event 

Neither the above  4 events 

 

In Figure 18, the temporal dynamics of saturation for four landslide events occurring under 

partially saturated conditions are presented. The events are found with a sharp gradient (a), 

a prolonged high saturation (b), both (c) and no indications (d). The events in Figure 18a 

and c occur for relatively very high storage values (about 90 % of M). In Figure 18b, the 

event also occurs one day after the soil was completely saturated. The event found without 

any indication for landslide occurrence (Figure 18d) occurs during a gradually increasing 

storage at a saturation level of about 80 %.  

When it comes to the four landslide events found without any dynamical indicators, one 

occurs during saturation of 98.5 % of M and are therefore considered indicated by the 

storage value. For the remaining three events, the simulated and observed discharge (Qsim 

and Qobs) at the time surrounding the landslide events were compared to see if there were 

any large deviations indicating possible simulation errors. All three landslide events occur 

for relatively low discharge values compared to the discharge values before and/or after the 

event (Figure 19). Two of the landslide events occurred in April (a and c) and one occurred 

in September (b). The largest deviation seems to be in Figure 19a with the largest deviation 

in the days prior to the landslide event. For the two landslide events in Figure 19b and Figure 

19c, the simulated and observed discharges appears to be roughly the same.  
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Figure 18) Bar plots of the temporal distribution of saturation for four landslide events occurring under 

partially completely saturated conditions. a) a sharp gradient (26.08.11), b) following a prolonged high 

saturation (04.06.13), c) both a sharp gradient and a prolonged high saturation (16.08.03) and d) no 

indicators (25.04.06). The red bars represent the day of the landslide event.  
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(a)    

(b)  (a)  

 

 

  (c)       

Figure 19) Observed discharge and simulated discharge for the four landslide events found with no indication 

for landslide occurrence. a) catchment 22.4, b) catchment 82.4 and d) catchment 24.9. The black, vertical 

lines (at day 21) indicate the day of the landslide event. 

 Landslide occurrences and overland flow 

The simulation of overland flow (catchment values) found for the landslide events is 

presented in this section, together with the temporal dynamics of saturation including 

overland flow.  

Overland flow is simulated for 66 landslide events (Table 12), which means that only ten 

events occur without. For the day prior to the landslide events, 59 landslides are found with 

overland flow. All landslide events occurring during completely saturated conditions are 

found with overland flow. The highest values of overland flow are, in most cases, found in 

(a) 

(b) 
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the western catchments with the highest simulated overland flow of 174 mm in addition to 

M. The lowest values are found for the landslide events occurring under partially saturated 

conditions, with the lowest value of 2 mm.  

Table 12) The occurrence of overland flow for the 76 landslide events for the day prior to the landslide and 

the day of the landslide. 

 
Number of landslide events 

D-1_Landslide 59 events (79 %) 

D_Landslide 66 events (87 %) 

 

Temporal dynamics of saturation including overland flow  

The temporal dynamics of saturation including overland flow is investigated due to the fact 

that many landslide events are associated with prolonged high saturations and it is difficult 

to say why these landslides are triggered those exact days (see section 6.4). By including 

simulated overland flow to the saturation levels, one hopes to find indications for landslide 

occurrence in the temporal dynamics, for example that the landslides occur the day with the 

highest amount water present in the catchment, i.e. the highest values of overland flow. 

In Table 10 and Table 11 we found that 30 landslide events have a prolonged high saturation 

and occur for completely saturated conditions. Out of these, 21 landslide events show a 

distinct peak when including overland flow to the saturation levels (Table 13). Note that in 

order for the landslides to be associated with a distinct peak they must occur directly at the 

peak or right before or after the peak. Examples of landslides occurring at the peak are 

illustrated in Figure 20a and b. These two events are the same as presented in Figure 17b 

and c. Nine landslide events does not occur at a peak, in which four occur for relatively high 

values and close to the peak. These four are said to be slightly indicated. An example is 

given in Figure 20c where the event occurs at high values, three days after the peak. Finally, 

five events are found with no dynamical indicators in the temporal dynamics of saturation 

including overland flow. An example is found in Figure 20d. The plots for all landslide 

events are found in Appendix IV. 

Table 13) The temporal dynamics of saturation including overland flow for 30 events occurring for S=M 

and prolonged high saturation (see section 6.4). 

 Number of landslide events  
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A distinct peak 21 events 

Slightly indicated  5 events 

No indications 4 events 

 

 

 

Figure 20) Bar plots of the temporal distribution of saturation for landslide events associated with prolonged 

high saturation. The landslide events are indicated by a) a distinct peak (14.11.05), b) a distinct peak (22-

23.05.13), c) slightly indicated (08.05.95) and d) no indicators (29.06.99). The black horizontal line indicates 

maximum storage capacity (S=M). The red bars represent the day(s) of the landslide event(s). 
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 Indications for landslides in the characteristics of the subsurface along 

the hillslope  

In this section, the results for the lower, middle and upper hillslope are presented. This 

includes the storage, the temporal dynamics of storage and overland flow simulated at each 

point of the hillslope for the landslide events. 

6.6.1 Spatial distribution of storage along the hillslope 

A summary of the distribution of storage (scaled values, see section 5.2) along the hillslope 

is presented in Table 14. Note that the storage values in this section are given in percent of 

the maximum, scaled, simulated storage value at each point of the hillslope (Sj_max) for each 

catchment. 

Table 14) A summary of the distribution of storage (scaled values) associated with the three points of the 

hillslope; lower, middle and upper. The storage values are given in % of the maximum simulated storage 

value at each point of the hillslope(Sj_max) for each catchment.  

 Distribution of storage associated with the landslide events                             

[% of Sj_max, for each catchment] 

 

  Min. 1st Quant. Median Mean 3rd Quant. Max. 

Lower 

hillslope 

D-1Landslide 37.0 80.0 88.5 84.5 91.0 98.5 

DLandslide 63.0 81.0 80.0 85.5 91.0 96.5 

Middle 

hillslope  

D-1Landslide 30.0 75.0 80.0 79.0 87.0 100.0 

DLandslide 55.0 77.0 82.0 82.0 88.5 100.0 

Upper 

hillslope 

DLandslide-1 18.0 36.0 42.0 43.0 52.0 68.0 

DLandslide 13.0 31.0 39.5 42.5 52.0 74.0 

 

 
The results show relatively high storage values at the lower and middle hillslope. At the 

upper hillslope the values are lower. Landslide occurrences during maximum simulated 

storage (Sj=Sj_max = 100 %) are only found at the middle hillslope and only for one landslide 

event. This result is, however, a bit misleading since we found in the previous results (Table 

8) that 70 % of the landslide events occur under completely saturated conditions (i.e. S =M 

and Sj=M). What we can see from the results in Table 14, however, is that the distribution 

of storage along the hillslope vary. Thus, for any given storage value, S (catchment value), 
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the storage can be distributed differently along the hillslope. Since the ∑ 𝑆𝑗
𝑗
1 (𝑡) ≤ M, more 

water at lower parts of the hillslope corresponds to a less water in the higher parts of the 

hillslope, and vice versa. 

6.6.2 Temporal dynamics of storage along the hillslope 

The temporal dynamics of scaled storages at the points of hillslope are, for the majority of 

the events, found to be similar and sometimes almost identical to the entire catchment. This 

is especially seen at the lower and middle hillslope. Examples of two landslide events are 

presented in Figure 21 a and b, where the lower and middle hillslope are very similar to the 

entire catchment (presented in Figure 17a and b, respectively). The upper hillslopes are also 

similar, especially the event in Figure 21a, however, the changes appears more variable. 

The higher peaks and lower “valleys ” are mainly seen due to the low values of storage (due 

to the low associated areas). The event seen in Figure 21b occurs after six days of prolonged 

maximum saturated at catchment scale. At the lower hillslope, the storage during these six 

days are found to decrease, while at the middle hillslope the same days are found with an 

increasing storage.  Because of this, the landslide is characterized by a peak in storage at 

the middle hillslope. In fact, 26 landslide events are found with a peak in storage at the 

middle hillslope, exclusively. This event is also a good illustration of different distributions 

of storage found for a given storage value (here S=M) mentioned in the previous section. In 

this case, the water is more evenly distributed along the hillslope with more water at the 

middle hillslope, relative to Smiddle_max, and thus less water at the lower hillslope, relative to 

Slower_max. Remember, always Slower > Smiddle > Supper due to the associated areas. 

The black bars in Figure 21a indicate the maximum scaled storage value at the lower 

hillslope. Note that this value is not Slower_max but only the highest value within the 31 days 

surrounding the landslide event. The black bars at the middle and upper hillslope represent 

the corresponding storage values. This is a good illustration of a situation where a more 

water is found at the lower part of the hillslope and thus, less water at the middle hillslope. 

The storage values at the upper hillslope does not necessarily follow this pattern, in fact 

quite rare.  
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Figure 21 also shows that even though the two landslide events occur during completely 

saturated conditions, neither of them are associated with completely saturated conditions at 

the lower, middle or upper hillslope (Table 14) because there are other days with higher 

storage values.  

Figure 21) Bar plots of the temporal dynamics of storage (scaled) at the lower, middle and upper hillslope at 

the time surrounding two landslide event. The red bars represent the day of the landslide event. The black 

bars indicate the maximum scaled storage value at the lower hillslope found within the 31 days surrounding 

the landslide event and the corresponding storage values at the middle and upper hillslope. 

 

6.6.3 Landslide occurrences and the occurrence of overland flow along the hillslope 

In Table 15, the simulation of overland flow at the three points of the hillslope are presented. 

The lower hillslope is identical to that of the entire catchment (Table 12) with 59 events (D-

1_Landslide) and 66 events (D_Landslide). Only one landslide event occurs with overland 

flow at the lower hillslope, exclusively. The number of landslide events found with overland 

flow decrease with increasing distance from river reach.  
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Table 15) Overland flow at the lower, middle and upper point of hillslope. 

 
The number of landslide events 

 Lower hillslope Middle hillslope Upper hillslope 

D-1_Landslide 59 events (79 %) 58 events (76 %) 58 events (76 %) 

D_Landslide 66 events (87 %) 65 events (86 %) 59 events (79 %) 

 

 Hysteresis in the DDD model  

In this section, the representation of the simulated storage-discharge hysteresis in DDD 

model associated with the landslide events is presented, first for the entire catchment and 

then for the three points of the hillslope. The connection between landslide occurrences and 

hysteresis follows.  

 
Clearly, the relationship between storage and discharge, represented by DDD model, is not 

a one-to-one relationship (Figure 22). Thus, any given value of storage is associated with 

several values of discharge and vice versa. In Figure 22a, the storage and discharge 

relationship found for the entire calibration and validation period in one catchment is 

presented. The same is  presented in Figure 22b only with overland flow included in the 

storage values. The number of active storage levels, i.e. which storage levels contain water, 

is to some extent seen in the plot. This is especially seen for storage level 1 (from S = 0 to 

about 15%) and storage level 1 and 2 (from S of about 15 – 25 %) since they are associated 

with a smaller range of discharge values and also there are few/no outliers. When storage 

level 3 and 4 is active, the range of discharge is larger and there are more outliers. The 

storage seems to range from about 25 – 55 % and  55 % - 100 %, respectively. This means 

that when water is added to storage level 4 the level of saturation is minimum 55 %. 

Overland flow is the values above 100 %. The range of S and Q and also how clear the 

sections are, vary between catchments.    

The storage-discharge relationships (without overland flow) at the three points of the 

hillslope are shown in Figure 23. Note the different storage values (scaled values). The 

discharge, Q, is equal. The lower and middle hillslope are very similar to that of the entire 

catchment. At the upper hillslope, the relationship between discharge and storage looks very 

scattered, with a higher frequency of lower storage values. It can also be seen that the highest 

values of discharge is not associated with the highest values of storage. 
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Figure 22) The storage-discharge relationship for a) all storage values and b) all storage values including 

overland flow. The data is from the calibration- and validation period in catchment 88.4.  The stippled, vertical 

line indicates the maximum storage capacity. 

 

Figure 23) The storage-discharge relationship in catchment 88.4 at the lower hillslope (left), middle hillslope 

and upper hillslope (right). 

6.7.1 Representation of the hysteresis in DDD model 

The hysteretic relationships between simulated storage [mm] (catchment value) and 

discharge [mm/day] represented by DDD model ware found to vary in scale, shape and 

direction, often showing complex patterns. The hysteretic loops were evaluated in terms of 

the direction of the loop, i.e. anti-clockwise or clockwise, where an anti-clockwise loop 

refers to a higher storage on the rising limb than on the recession for a given discharge and 

vice versa. Half of the landslide events have anti-clockwise loops (Table 16), while only 14 

events are associated with clockwise loops. In general, the scale of the hysteretic loops 
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ranges from highly non-linear relationships to displaying almost linear one-to-one 

relationships. Four events are almost linear. Finally, about 25 % of the landslide events are 

found to display “non-classifiable”, complex patterns. Hysteresis for all landslide events are 

found in Appendix X. A typical example of a landslide found with an anti-clockwise 

hysteretic loop is presented in Figure 24b with associated precipitation in Figure 24a. In 

Figure 24c overland flow is included in the storage values. 

Table 16) The number of landslides with clockwise-, anti-clockwise-, almost linear- or complex storage- 

discharge hysteresis. 

 Number of landslide events 

Clockwise loops 14 events (18 %) 

Anti-clockwise loops 38 events (50 %) 

Almost linear  6 events (7 %) 

Complex hysteresis  17 events (24 %) 

 
Figure 24) An example of hysteresis(anti-clockwise) associated with the landslide event, 21.03.14 in 

catchment 82.4. a) Bar plot of precipitation, b) anti-clockwise hysteresis in the storage-discharge relationship 

and c) the hysteretic relationship in the storage including overland flow- discharge relationship. The stippled, 

vertical line indicates the maximum storage capacity, M. The arrows denote the direction of the loops The day 

of the landslide event is indicated in red. 
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The hysteresis in Figure 24 illustrates a common behavior where the storage reaches 

maximum capacity before the discharge peaks causing the loop to follow the maximum 

storage while the discharge continues to increase, i.e. the discharge lags storage. This is the 

case for more than 60 % of the landslide events and the case for most of the landslide events 

associated with anti-clockwise loops. In fact, in all hysteretic loops with an anti-clockwise 

direction, the storage reaches maximum capacity. Only a few clockwise loops are found at 

maximum storage values. When including overland flow to the storage values (Figure 24c) 

the hysteretic loops becomes narrow, often exhibiting almost a linear relationships. The 

storage including overland flow and discharge peaks simultaneously for the majority of the 

events. For some landslide events, the direction of the loop changes when including 

overland flow as seen in Figure 24c, however, the plots are usually very narrow. 

6.7.2 Representation of hysteresis along the hillslope 

The hysteresis at the lower, middle and upper hillslope are also found to vary in scale, shape 

and direction. The results of the hysteresis, evaluated in terms of the direction, is presented 

in Table 17. The lower and upper hillslope have a higher frequency of anti-clockwise loops. 

At the middle hillslope, on the other hand, clockwise hysteretic loops occurs more frequent. 

An example of hysteresis at the lower, middle and upper hillslope for one landslide event 

(the same event as presented for the entire catchment in Figure 24) is presented in Figure 

25. This plot shows a typical scenario where anti-clockwise loops are found at the lower 

and upper hillslope, while the middle hillslope shows a clockwise loop. At the middle and 

upper hillslope, the loops are almost linear at the time of the landslide event. 

Table 17) The number of landslides with clockwise-, anti-clockwise-, almost linear- or complex storage-

discharge hysteresis at the lower, middle and upper point of the hillslope. 

  

 

 

 

 

 Number of landslide events 

 Lower hillslope Middle hillslope Upper hillslope 

Clockwise hysteretic loop 11 events 46 events 11 events 

Anti-clockwise hysteretic loop 54 events 23 events 57 events 

Almost linear  3 events 3 events 4  events 

Complex hysteresis 8 events 4 events 4 events 
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Figure 25) Bar plot of precipitation and simulated storage-discharge hysteresis for the landslide 21.03.2014 

in catchment 82.4 at the lower- (top right), middle- (bottom left) and upper hillslope (bottom right). The arrows 

denote the direction of the loops. The day of the landslides are indicated in red.  

6.7.3 Landslide occurrences and hysteresis 

The landslide events were investigated in terms of where they occurred on the hysteretic 

loop; during recharge, at the top of the loop or during recession. This investigation was only 

performed at catchment scale. The result, presented in Table 18, shows that the landslides 

are evenly distributed on the hysteretic loop with 19 landslide events occurring during 

recharge, 25 at the top and 26 during recession. Most of the landslide events that are 

associated with the recharge or recession occur one day prior to or following the peak. 

Finally, the hysteresis for six landslide events were too complex to determine the position. 

It should be noted that recharge and recession are also found during maximum storage 

values depending on whether the discharge is increasing or decreasing. 

In Figure 26, examples of landslides occurring during recharge (a), at the top of the loop (a 

and b) and during recession(c) is presented. Both of these landslide events occur under 

completely saturated conditions. The landslides in Figure 26a occur after a one day of heavy 

rain, while the events in Figure 26b are associated with a large rainfall event lasting for 

more than three days.  
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Table 18) The number of landslide events occurring during recharge (i.e. rising limb), at the top or during 

the recession (i.e. falling limb) of the hysteretic curve. 

 Number of landslide events 

Recharge 19 

Top 25 

Recession 26 

Not possible to determine 6 

 

 

 

Figure 26) Bar plot of precipitation and simulated storage-discharge hysteresis for a) two landslide events in 

catchment 122.9 occurring 22-23.6.2014 and b) two landslide events in catchment 48.1 occurring the 26-

28.10.2014. The arrows indicate the direction of the loop. The day of the landslide events are indicated in red. 
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7 Discussion  

The chapter will first address the issue of landslide data quality, model performance and 

limitations and uncertainties related to the model. The following sections discuss of the 

characteristics of the subsurface associated with the landslide events, i.e. the saturated 

storage, the temporal dynamics of saturation and overland flow (presented in sections 6.3-

6.6). The results of the entire catchment will be addressed first, followed by the results for 

the three points of the hillslope. The last section addresses how hysteresis, the nonlinear 

loop-like behavior common in many natural systems, is represented by the DDD model at 

the time surrounding the landslide events. First the results at catchment scale is discussed, 

followed by the results at the three points of the hillslope. The last part of this sections deals 

with how the occurrence of landslides can be related to hysteresis.  

 Landslide data quality 

The landslide events are collected from the Norwegian landslide database. Within the 

database, there are weaknesses and limitations that may have impacted the result of the 

landslide analysis. A main uncertainty is related to the type of landslide registered in the 

database. Since this study only focuses on debris avalanches and debris flows, 

misregistrations in the database (e.g. rockfalls registered as debris avalanches) would affect 

the results because these types commonly are associated with different hydrological 

conditions. Even though the number of misregistrations were reduced (described in section 

5.4) there are still uncertainties related to whether all misregistrations were detected. In 

addition, the majority of the landslide events in the database, and thus most of the landslides 

included in this analysis, are registered as unspecified landslides in soil making it impossible 

to separate debris avalanches and debris flows in the analysis. Other uncertainties relates to 

the missing information in the landslide database of the timing, i.e. time of day, and point 

of initiation. The lack of the timing  is especially problematic due to the fact that the 

hydrological data and the landslide data do not coincide (i.e. the landslide data is registered 

from 00:00 to 00:00 and the hydrological data is registered from 06:00 to 06:00). The 

landslides may have occurred between 00:00 and 06:00 and are therefore associated with 

the hydrological data from the wrong day. The lack of points of initiation is problematic, 

especially in analysis involving the hydrological conditions at points. Finally, there are 

uncertainties related to lack of registrations since landslides are only recorded where 

damages on infrastructures are registered. Norway consists of mountainous areas and there 
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are large areas with few roads, railways and houses. Therefore, it is reasonable to assume 

that there are more landslide occurrences than what is registered in the landslide database, 

which limits the landslide analysis to investigate only a subset of landslide events.  

 Model performance  

The meteorological data used as input in this analysis is the best available dataset, 

interpolated from the observation network of the Norwegian Meteorological Institute 

(met.no). The length of the complete input data of 25 years (1985-2014) is well within the 

range of what is necessary and sufficient for a reliable calibration. According to the Nash-

Sutcliffe model efficiency all catchments meet the criterion for the acceptable performance 

of NS > 0.6 (Patil and Stieglitz, 2014). The structure of DDD model is thus considered to 

be suitable for simulations of hydrological conditions at catchment scale.  

 

Validation of DDD model by comparing fluctuations of the simulated storage and 

groundwater observations  

Fluctuations in the storage values [mm] simulated by DDD model were compared with 

fluctuations of the observed groundwater levels [m below ground] in order to validate the 

model. The results of the correlation in catchment 2.614 in this study, as well as results of 

correlation found in two other studies (Skaugen and Onof, 2014; Weltzien, 2015) indicate 

that the storage levels experiences similar variations as the observed groundwater tables. 

The poor correlation found in catchment 77.3 was not significant. The coefficient of 

variation also shows that the variation increase upslope in correspondence with the 

groundwater measurements. It is important to keep in mind that the storage values in the 

DDD represent the entire catchment, while the groundwater level observations are point 

observation and might not represent the entire catchment. Groundwater level fluctuations 

vary with location of the borehole relative to the river (Myrabø, 1997), i.e. at the hillslope 

or adjacent to the river and also with catchment topography and porosity.  
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 Model uncertainties and limitations 

All hydrological models are simplifications of the real world and are therefore bound to be 

associated with uncertainties (Quinn et al., 1991). The uncertainties arise from several 

sources, mainly associated with the natural variability related to the hydro-meteorological 

input data, model parameters and the model itself, which in turn will affect the result.  

 

In general, model performance relies on the quality of the data it is based on (Kirchner, 

2009), which in this case includes the observational data used as input (precipitation and 

temperature) and evaluation (discharge). Rainfall measurements, which is very often 

considered to be the main driving force of many hydrological models, is especially related 

to large uncertainties due to the difficulties in measurements. The most significant errors 

found for accumulation of rainfall in buckets include losses due to wind, evaporation and 

splashing (Habib et al., 2001). The wind-induced undercatch is considered the largest 

component of error.  

 

Other uncertainties arise from the model parameters and the model itself. In  the case of the 

DDD model, most of the parameters are derived from maps and measurements, introducing 

few calibration parameters. The reduced number of calibration parameters reduces the 

uncertainty and provides a more realistic representation of the subsurface hydrology, 

compared to models with a higher number of calibration parameters (Skaugen and Onof, 

2014). The fact that the model has a 2D representation of the subsurface (with length, y, and 

depth, z) provides us with spatial information of groundwater dynamics. The model is 

therefore assumed to give a more realistic representation of the wetting and drainage of the 

subsurface compared to typical conceptual, 1D- rainfall-runoff models (Beven, 2006). 

However, the model assumes homogenous conditions at equal distances from the river. This 

is not realistic seen as there could be local areas of complete saturation occurring at local 

low points in the hillslope or hollows in the subsurface, which is difficult to model 

(Anderson and Burt, 1977; Weill et al., 2013). This also applies to the assumption of a 

homogenous storage conditions along the hillslope. Other assumptions and simplifications 

that might lead to some errors in the estimated output include the a subsurface that is 

assumed to be connected at all times. Hydrological connectivity, i.e. the connection (or dis-

connection) of flow pathways between different parts of the catchment, is considered to be 

a dominant control of subsurface flow and discharge (Haught and van Meerveld, 2011). 
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There is also a very simple parameterization applied for the percolation of water from the 

unsaturated to the saturated reservoirs in DDD model. Measurements from the unsaturated 

zone are probably needed in order to improve the process of percolation. This should be 

investigated in future research. 

Finally, the model was found to experience some problems related to the simulation of 

precipitation. The DDD model does not take advantage of spatially distributed meteorology 

and  precipitation is therefore simulated as either rain or snow. This is not a realistic 

representation of nature as precipitation may fall as rain in the lower parts of the catchment 

and snow in the higher parts. Storage, and thus discharge, responds to the rate of 

precipitation and thus, errors in the simulations will in turn affect the results of the storage 

and thus the results of the landslide analysis.  

 Storage as an indicator for landslide occurrences  

The results found that the majority of the landslide events occurred for very high storage 

levels, often at maximum storage values, which corresponds well with what we know about 

hydrological conditions triggering landslides (described in section 2.2.3.1). The fact that 

eight landslide events occurred during partially saturated conditions but were found with 

completely saturated conditions the day prior to the landslide suggests that the landslides 

occurred between 00:00-06:00. This means that they should have been associated with the 

meteorological data the previous day. If this is the case as much as 88 % of the landslides 

would have been found with completely saturated conditions. This is, however, only 

speculations and not possible to investigate further due to uncertainties related to the timing 

(i.e. time of day)  for the landslide events. Of the 23 landslides that occurred under partially 

saturated conditions, eight events occurred during winter and spring (December through 

May). Based on the discovery of errors in the simulated precipitation during periods of T = 

0-1 °C, it is reasonable to assume that some of these events are affected by such simulation 

errors. Even though the landslide data have been checked for these errors (described in 

section 5.4), they are only checked for a shorter period up to the landslide events. Possible 

simulation errors in the time prior to the checked period could also cause errors in the 

storage values, i.e. lower storage values, at the time of the landslide events as the storage 

values might be “lagging”. There is also the possibility that the landslides are caused by 

other processes not included in this analysis, such as snowmelt, water freezing, soil frost 
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condition or human activity. Finally, the landslide events could also be misregistrations in 

the landslide database.  

 Temporal dynamics of saturation for landslide events   

Infiltration of water to the soil by extreme rainfall or rapid snowmelt causes a sudden rise 

of the water table and an increase in water-pressure, possibly triggering landslides 

(Wieczorek and Glade, 2005). This corresponds well with the findings in this study that 70 

% of the landslide events were characterized by a sharp gradient in saturation (Table 10). 

That almost half of the landslide events also occurred during prolonged high saturations 

suggests that the soil can be completely saturated without triggering landslides. Thus, the 

timing of the landslide occurrences seems to be linked to additional input of rainfall, which 

in the DDD model is simulated as overland flow. It is therefore likely to assume that there 

are some indications for landslide occurrences in the values of overland flow, however, this 

is discussed in the next section (7.6). In Norway, periods of prolonged high saturations, 

especially in the eastern parts, are related to spring melt season or caused by long time 

infiltration of successive medium rainfall events (Jaedicke and Kleven, 2008; NVE, 2014b). 

Landslide events occurring during such conditions are documented and an example is the 

landslide event occurring 22th May 2013 (and 23th) during a major spring flood referred to 

as “Pinseflommen in 2013” (NVE, 2014b) (See Figure 17c). The western parts of Norway 

experiences rainfall events of higher intensity, have steeper slopes and shallower soil cover 

which causes a more rapid wetting and drainage of the soil. Based on this, it is likely to 

assume that periods of prolonged high saturation occurs less frequently in the western parts 

than in the eastern parts (NVE, 2014b). The fact that a high number of landslide events were 

associated with a prolonged high saturation in some of the western catchments, especially 

83.2 and 88.4 (Appendix II), suggest that the estimated maximum storage capacity, M, 

might be too low for some catchments. This is, however, beyond the scope of this study, 

but is definitely something that should be investigated in the future.  

 

From the results in section 6.3 and 6.4, it is clear that only four landslide events were found 

without any dynamical indicators for landslide events (Table 11), in which one event 

occurred during saturations of 98.5%. Thus, three events had no indications for landslide 

occurrence. Of these events, one occurred in April and it was speculated in the section 7.1 

whether these winter/spring events were associated with errors in the simulated storage 

values. By visual inspection of the deviations in the simulated- and observed discharge 
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(Qsim and Qobs, respectively) this seems to be the case for this event (Figure 19a) since 

Qsim is lower than the Qobs suggesting that the precipitation might be simulated as snow. 

Thus, when disregarding the landslide possibly associated with errors in the simulated 

storage, only two events were found without any dynamical indicators in the subsurface 

representation in the DDD model. One could ask if these events are correct registration (i.e. 

debris flows or debris avalanches) triggered during unusual conditions, or if they are 

misregistrations in the database or caused by something else than hydrological conditions.     

 Landslide occurrences and overland flow 

Based on the findings that maximum storage values were frequently simulated by DDD 

model at the time surrounding the landslide events, overland flow was expected to be 

simulated for many landslides events. Clearly, this was the case as 87 % of the landslide 

events found with overland flow (Table 12). It is, however, uncertainties related to whether 

the overland flow simulated by DDD model reflects what is observed in nature. There are 

no available measurements of overland flow and it is therefore not possible to evaluate the 

simulated overland flow values. On the other hand, numerous studies have documented that 

overland flow is related to the occurrence of rainfall-induced landslides (Jaedicke and 

Kleven, 2008; Yu Luo et al, 2012) supporting the results of this study. Overland flow 

increases soil erosion, as well as reduces the slope stability, which are factors controlling 

the landslide occurrence. Overland flow is considered important in landslide hazard 

assessments (Yu Luo et al, 2012) and hence should be included when investigating and 

predicting landslides.   

 

The inclusion of overland flow to the storage values gave noticeable improvements in terms 

of finding indications for landslide occurrence in the temporal dynamics of saturation (Table 

13). This indicates that the timing of the landslide events are linked to additional input of 

rainfall, which is simulated as overland flow in DDD model. The landslide event occurring 

during “Pinseflommen” (22 May 2013), mentioned in the previous section, is a good 

example. The event occurred after prolonged high saturation, triggered by additional input 

(NVE, 2014b), which seems to be exactly the case simulated by DDD model and illustrated 

in Figure 20b.   
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 Indications for landslides in the characteristics of the subsurface along 

the hillslope  

The main purpose of investigating the storage (scaled) at different points along the hillslope 

was to see if the landslide events could be characterized by the spatially varying storage. 

One hoped to be able to link the saturation at the different points of the hillslope to the 

occurrence of landslide events. However, the analysis was limited due to the lack of 

information related to the starting points of the landslides in the database. There are methods 

to determine the points where the landslides most likely were triggered, however, these 

processes are time consuming, often problematic, and therefore not carried out in this thesis. 

There are also some difficulties arising from the storage values at each interval and due to 

the fact that the maximum storage capacity at each interval is not defined (described in 

section 5.2). This makes it more challenging to interpret the results of the saturation and 

compare across catchments.  

However, it is clear that the storage has a distribution that varies along the hillslope and 

with time. This means that the for a given storage (e.g. S=M), S can be distributed differently 

along the hillslope and thus the proportions of water at the lower, middle and upper hillslope 

vary (Table 14). Keep in mind that the storage values always decrease with increasing 

distance from river due to the associated areas (see section 5.2). Since the sum of storage at 

all points of the hillslope are equal to or less than M, very high simulated storage values at 

the lower hillslope are associated with lower values at the middle hillslope (Figure 21). Very 

high simulated storage values at middle hillslope are associated with a more evenly 

distributed storage along the hillslope. Because the scaled storage values at the upper 

hillslope always accounts for a small proportion of the total storage, the storage values at 

the upper hillslope can be high or low (relative to the other storage values at the upper 

hillslope) independent of the distribution of storage at the lower and middle hillslope. The 

temporal dynamics of saturation in the hillslope indicate that the behavior at the lower 

hillslope reflects that of the entire catchment.  

It is interesting to see that quite a few landslides were characterized by a peak in storage at 

the middle hillslope but not at the lower and upper hillslope, or at catchment scale. This was 

often seen for the events that occurred during prolonged high saturations at catchment scale, 

suggesting that landslides may occur when a higher proportion of water is found at the 

middle hillslope (i.e. more evenly distributed storage). However, the lack of initial points 

of initiation for the landslides makes it impossible to know whether they occurred below, at 
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or above the middle hillslope. For further investigation, the starting points of the landslide 

events (i.e., in what distance from the river) must be determined. 

 Hysteresis 

The non-single valued relationship between storage and discharge in the DDD model comes 

from exponential UHs of different temporal scale (Skaugen and Mengistu, 2015).  The 

storage-discharge curve represented by DDD model is found to resemble what is found in 

some other studies, including the one illustrated by Sloan (2000) (Figure 27).  

 

 

Figure 27) Storage and discharge relationship plotted on log-log scales (Sloan, 2000). 

 

The non-single valued relationship between storage and discharge lead to the investigation 

of hysteresis and clearly, the structure of the DDD model allows addressing the important 

issue of the relationship between discharge and the volume of water stored in the subsurface 

reservoir. Thus, the model has shown to be able to reproduce the nonlinear, hysteretic 

relationship in storage and discharge observed in the field and documented for a long array 

of experimental catchments (Myrabø, 1997; McGlynn and McDonnell, 2003; Allen et al., 

2010; Penna et al., 2011; Weill et al., 2013; Davies and Beven, 2015). These studies also 

report variation in the hysteretic loops (i.e. loops of varying direction, shape and scale) 

supporting the results of this work. However, if the causes of the hysteresis and its various 

loops found in the DDD model coincide with the causes of hysteresis documented elsewhere 

is discussed in the following section.  
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Hysteresis are complex processes, controlled by many factors, which in turn makes it 

difficult to distinguish between the different factors and their effects. The complexity is 

probably a main reason for the different hysteresis documented in the literature (see section 

2.1.3). In addition, the hysteresis found for the landslide events in this thesis are not the best 

representation of hysteresis, since they are influenced by additional input. An ideal 

representation would be a storage-discharge hysteresis associated with a period of one 

significant rainfall event followed by several days of no input (i.e. no rain nor snowmelt). 

In this case, one would be able to see how the catchment responds to input and more 

importantly, how the water drains without the influence of additional input. The additional 

input, particularly input during recession, found for the landslide events in this thesis is 

assumed to affect the results in this analysis, however, it is not clear to what extent.   

In this thesis, the hysteretic loops were evaluated in terms of the direction of the hysteretic 

loops. The main controlling factors are considered to be the relationship between the amount 

of water present in the subsurface (including water added from input and redistributed from 

upslope) and the amount of water drained. Amongst researchers there is a general agreement 

that hysteresis is mainly controlled by moisture degree, moisture input, hydrological 

connectivity and catchment characteristics such as topography, area, soil type etc. (Penna et 

al., 2011; Davies and Beven, 2015). Obviously, the variables which are not included in the 

DDD model, such as hydrological connectivity, is not relevant for explaining the hysteresis 

found in the DDD model. On the other hand, the movement of water through the catchment 

in the DDD model, which in turn effects the amount of water present and drained, is 

determined by the level of saturation, thus different celerities, and by the distance 

distribution, which take into consideration many of the factors just mentioned such as 

length, slope, area etc. (Skaugen and Onof, 2014). In addition, it also, to some extent, 

includes soil type since the type of soil is assumed to be reflected by the river density in the 

catchment (which again is described by distance distribution). On the other hand, the fact 

that the hysteretic loops found in this work vary with direction within each catchment (i.e. 

similar catchment characteristics gives varying directions) indicates that catchment 

characteristics, such as area and slope, have minor effects on the direction of the loops. 

Thus, the main controlling factors found in this study and documented in literature coincide 

to some extent.  

In general, the change in storage simulated by the DDD model is a result of the amount of 

water added (from redistribution from upslope and input, i.e. rainfall or snowmelt) and the 
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amount of water drained pr. time step. The amount of water redistributed from upslope and 

drained pr. time step depends on the antecedent wetness, i.e. level of saturation. The level 

of saturation controls the size of the area drained pr. time step (determined by the celerities 

(see section 5.1.3) and the amount of water within the drained area (represented by the width 

of the boxes and the shades of blue, Figure 14), respectively. Also, how the storage and the 

discharge responds to precipitation varies depending on the antecedent wetness. During dry 

moisture conditions, there is little water drained from the subsurface pr. time unit and almost 

all input is stored in the subsurface. The effect of input on discharge is marginal. During 

wet conditions more water is drained pr. time unit from the subsurface, as a higher level of 

saturation is associated with a higher celerity, and the precipitation has a greater impact on 

the discharge. Another important factor is overland flow, which will strongly affect both the 

magnitude and the timing of discharge peak. This helps explain the almost linear 

relationships arising when adding overland flow to the values of storage (Figure 24). It also 

suggest that the for high amounts of overland flow the overland flow becomes too dominant 

and the effect of hysteresis vanishes.  

The directions of the hysteretic loops comes from the changes within each variable, i.e. 

dS/dt and dQ/dt. In the DDD model, the dynamics of discharge are modelled using linear 

storages arranged in parallel, which causes the recession of Q to be exponential (with 

different shape and scale parameters) (Skaugen and Mengistu, 2015). Investigations of the 

storage values show that the recession of  S is also exponential, with a much smoother curve 

(Figure 28). In Figure 28, discharge and storage for one significant rainfall event without 

any additional influence of input is presented. In this case, the storage reaches its maximum 

capacity causing the discharge to experience a further increase, i.e. discharge lags storage. 

The storage values are higher during recharge (blue numbers) than during recession (red 

numbers) for a given discharge (equal discharge values are indicated by equal numbers), 

which corresponds to an anti-clockwise hysteresis. Based on the fact that the maximum 

storage capacity is reached for the majority of the landslide events and that anti-clockwise 

loops are found more frequently, it is reasonable to assume that the changes in storage and 

discharge related to the landslide events resembles that in Figure 28, obviously at different 

scales. 

Numerical effects could have impacted the hysteresis due to the fact that in a discretization, 

discharge is averaged over a time interval, while state of the subsurface is calculated at the 
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end on the time step. This could cause the storage to be higher during recession than during 

recharge for a given Q, however, this effect is considered to be very small.   

 

 

Figure 28) Bar plot of the recharge and recession of discharge (above) and storage (below) illustrated for 

one rainfall event. Equal numbers in the plot of discharge indicate equal discharge value during recharge 

(blue) and recession (red). In the plot of storage, the same numbers indicate the storage values associated 

with the discharge value which shows a higher storage during recharge than recession for a given discharge. 

7.8.1 Hysteresis at the hillslope 

Hysteretic loops are found to vary with location and several studies have identified anti-

clockwise loops at lower parts of the hillslope and clockwise loops at higher parts of the 

hillslope (e.g. Myrabø, 1997 and Kendall et al.,1999), thus supporting the main results of 

this study (when disregarding the upper hillslope) (see Table 17). In literature, the main 

explanatory factors for the direction of the loops are antecedent wetness and hydrological 

connectivity (see section 2.1.3). In the case of DDD model, the different directions are 

introduced by the dynamics of the subsurface along the hillslope. This means that the 

explanations of hysteresis along the hillslope is similar to that of the entire catchment, apart 
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from the fact that it only involves the changes of storage at each individual point along 

hillslope (dSj/dt).  

The fact that hysteresis vary along the hillslope is not surprising seen as the behavior of 

storage along the hillslope vary (see sections 6.6 and 7.7). When it comes to the different 

directions of hysteresis at the lower and middle hillslope, Figure 21 is a good illustration of 

the different behavior at the two points which causes the different direction of the loops. 

The lower hillslope experiences a larger effect of antecedent moisture, due to redistribution 

from upslope and thus, the ratio of water between the lower hillslope and the immediately 

adjacent area upslope (seen by the color of blue in the snapshot of the subsurface presented 

in Figure 14) is larger than the ratio of water between the area of the middle hillslope and 

the adjacent area upslope. Thus, often, more water drain from the lower hillslope than what 

is added from upslope, compared to the water added and drained at the middle hillslope. 

The changes in storage at the middle hillslope seems to be more stable, requiring less input 

in order for the storage to remain stable or increase (which is seen in Figure 21). At the 

upper hillslope, storage is not affected by water from upslope, thus solely affected by input 

(rainfall or snowmelt) and the water drained pr. time unit. It should be noted that the storage 

values at the upper hillslopes are very low, due to the low associated areas, and even small 

errors in the simulated values can change the direction of the loops. 

7.8.2 Landslide occurrences and hysteresis 

The fact that the DDD model was able to represent hysteresis lead to the investigation of 

whether the landslide occurrences could be associated with any particular position on the 

hysteretic loops, i.e. if they occurred during recharge or recession, or at the top of the curve. 

No similar studies are found in literature. The results indicate that there is little connection 

between landslide occurrences and hysteresis (see Table 18), aside from the obvious fact 

that most landslides occur at high levels of both storage and discharge.  Following the results 

of section 6.3 that the majority of the landslides occur at maximum storage capacity, this 

leads to the assumption that the landslides are more related to storage (and precipitation) 

than discharge. There are, however, large uncertainties related to the results, especially 

regarding the uncertainty in the timing of the landslide occurrences. The distribution is no 

longer even. This is, however, only speculations. Secondly, seen as the landslides usually 

occur just a few hours following a significant rainfall event, daily resolution does not give 

satisfactory results, and hourly- or 3 hourly-resolution should be used. Hourly resolution of 
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input may allow for a better correlation between landslides and hysteresis, however only if 

the registration of timing of the landslide events improves. 

 General recommendations and future work  

This study, which is the first in exploring the representation of the subsurface in the DDD 

model in relation to landslide occurrence and the first assessing points of the hillslope, 

highlighted some limitations within the spatial characters of the model. For future analysis 

using the DDD model there are several aspects that needs to be considered. Firstly, the 

model should take advantage of the distributed meteorology. General model improvements 

should include the percolation of water from the unsaturated to the saturated reservoir. 

Finally, the 2D representation of the hillslope has the potential to be used in relation to 

landslide occurrence, however, only if the registration of landslide events improves, starting 

with initial points of the landslide events. Future studies of hysteresis represented by the 

DDD model should include a more detailed study of the changes within storage and 

discharge, dS/dt and dQ/dt, at different levels of saturation, preferably without the influence 

of additional input.  
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8 Conclusion 

In this thesis, a parameter-parsimonious rainfall-runoff model, DDD (Distance Distribution 

Dynamics), is used to simulate the hydrological conditions for rainfall induced landslide 

events. The aims were to 1) determine if the model has any capacity to predict the 

hydrological conditions triggering landslides and 2) investigate storage-discharge 

hysteresis, represented by DDD model and to see how landslides relate to hysteresis. A total 

of 76 landslide events have been explored by investigating the simulated storage before and 

during the landslide events for the entire catchment, as well as for three points of the 

hillslope; lower, middle and upper hillslope.  

Evaluated for the entire catchment, 70 % of the landslides occurred during completely 

saturated conditions and more than 90 % of the events were characterized by a sharp 

gradient and/or a prolonged high saturation. Following this conclusion, the DDD model has 

capacity to predict the hydrological conditions triggering landslides. The simulation of 

overland flow proved to be relevant for the landslides, found for 87 % of the landslide 

events. The inclusion of overland flow to the saturation values gave noticeable 

improvements in terms of indicating the landslide events occurring during prolonged high 

saturation, suggesting that landslides often are triggered by additional input of rainfall. This 

results propose that overland flow should be considered in landslide assessments using the 

DDD model. The results for the hillslope showed that the storage has a distribution that 

varies along the hillslope and with time. The 2D representation of the hillslope has the 

potential to be used in landslide investigation, however, only if the registration of landslide 

events improves, starting with landslide initiation points. 

Regarding the hysteresis, the result have demonstrated that model is able to represent the 

storage-discharge hysteresis observed in field and documented in the literature for a wide 

array of experiments, both at catchment scale and at points along the hillslope. The 

hysteresis is closely linked to the flow of water through the catchment, mainly introduced 

by different unit hydrographs, saturations and moisture input. However, hysteresis are 

complex processes and there are still many aspects which are not known, suggesting that 

further exploration of the changes in storage and discharge, dS/dt and dQ/dt, would be 

useful. In terms of relating the landslide occurrences with the hysteretic loops, the results 

indicate that there are too large uncertainties related to the timing of the landslides. In 

addition, hourly precipitation would most likely allow for a better correlation between 

landslide occurrence and hysteresis.  
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Appendix I – Landslide data 

 

 

Table 19) Information of the landslide events.  
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2.614 

30.04.00 1 Debris flow 73.8 93.4 73.8 93.4 
Sharp 

gradient 

Anti-

clockwise 
Recharge 

10.06.11 4 
Debris flow/ 

Unspecified 
100 100 173.2 186.7 

Prolonged 

high sat. 

Anti-

clockwise 
Top 

26.07.11 1 Debris flow 85.3 78.4 85.3 78.4 
Sharp 

gradient 
Linear Recession 

22.05.13 3 
Debris 

avalanche 
100 100 155.9 172.1 Both 

Anti-

clockwise 
Top 

23.05.13 3 
Debris flow/ 

avalanche 
100 100 172.1 150.5 Both 

Anti-

clockwise 
Recession 

3.22 16.01.08 1 
Debris 

avalanche 
100 100 122.8 142.5 

Sharp 

gradient 
Complex Top 

18.1 26.08.11 1 Unspecified 50 90.4 50 90.4 
Sharp 

gradient 

Almost 

linear 
Top 

 

22.4 

27.04.03 1 Unspecified 76.7 81.5 76.7 81.5 Neither Complex Recharge 

29.08.06 1 Unspecified 100 95.3 152.9 136.7 
Sharp 

gradient 
Complex Recession 

30.12.13 1 Unspecified 93.3 100 178.7 231.3 
Prolonged 

high sat. 
Complex Top 

 

04.10.04 1 Unspecified 89.2 100 89.2 174.6 
Sharp 

gradient 

Anti-

clockwise 
Recharge 

25.04.06 2 Unspecified 72.9 84.4 72.9 84.4 Neither 
Anti-

clockwise 
Recharge 

02.01.14 1 Unspecified 100 100 167.8 178.2 
Prolonged 

high sat. 
Clockwise Recharge 

08.04.14 1 Unspecified 100 100 108.8 115.3 
Sharp 

gradient 

Anti-

clockwise 
Top 

41.1 

 

17.04.10 1 Unspecified 70.6 84.4 70.6 84.4 
Sharp 

gradient 
Clockwise Recharge 

22.03.11 3 Unspecified 100 100 116.3 120.3 
Sharp 

gradient 
Clockwise Recharge 
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Table 22 continues 

41.1 06.04.11 2 Unspecified 100 100 123.7 134.5 Both Complex Top 

48.1 

15.08.00 1 Unspecified 100 100 135.8 120.9 Neither Clockwise Recession 

15.07.14 1 Unspecified 100 100 122.6 118.1 
Prolonged 

high sat. 

Anti-

clockwise 
Recession 

26.10.14 1 Unspecified 100 100 122.5 194.7 Both 
Anti-

clockwise 
Recharge 

28.10.14 2 
Debris 

avalanche 
100 100 248.2 284.5 Both 

Anti-

clockwise 
Top 

62.5 

23.04.96 1 Debris flow 100 100 132.2 128.9 Both 
Anti-

clockwise 
Recession 

30.10.01 2 Unspecified 100 100 109.9 117.5 
Sharp 

gradient 

Anti-

clockwise 
Recharge 

13.05.02 1 Unspecified 93.1 90.5 121.5 110.9 
Prolonged 

high sat. 
Complex Recession 

15.12.04 1 Unspecified 100 100 138.1 124 
Sharp 

gradient 
Clockwise Recession 

12.01.05 1 Unspecified 100 100 109.1 121.2 Both 
Anti-

clockwise 
Top 

14.09.05 1 Debris flow 100 100 150.7 158.7 
Sharp 

gradient 

Anti-

clockwise 
Top 

14.11.05 1 Debris flow 100 100 129 169.4 
Prolonged 

high sat. 

Anti-

clockwise 
Top 

28.10.07 1 Unspecified 76.8 100 76.8 133.8 
Sharp 

gradient 
Complex Complex 

14.09.10 1 Unspecified 78.2 100 78.2 106.1 
Sharp 

gradient 

Anti-

clockwise 
Recharge 

72.5 

15.06.95 1 Unspecified 100 100 110.9 109.4 
Prolonged 

high sat. 

Anti-

clockwise 
Recession 

08.06.96 1 Debris flow 100 100 114.7 129.6 
Sharp 

gradient 

Anti-

clockwise 
Top 

14.09.05 2 Debris flow 89.8 100 89.8 104.9 
Prolonged 

high sat. 
Linear Top 

77.3 22.07.10 1 Unspecified 100 89 167.9 132 
Sharp 

gradient 

Anti-

clockwise 
Recession 

82.4 

17.01.03 1 Unspecified 100 100 172.7 205.5 Both 
Anti-

clockwise 
Top 

06.09.05 1 Unspecified 80.1 73.8 80.1 73.8 Neither 
Anti-

clockwise 
Recharge 

14.11.05 2 Unspecified 100 100 183.1 210.6 
Prolonged 

high sat. 

Anti-

clockwise 
Top 

25.04.06 1 Unspecified 82.6 92 82.6 92 
Sharp 

gradient 
Linear Recharge 

26.04.06 1 Unspecified 92 100 92 105.9 
Sharp 

gradient 
Linear Top 

21.03.14 1 Unspecified 100 90.7 212.3 146.4 
Sharp 

gradient 

Anti-

clockwise 
Recession 

27.10.14 1 Unspecified 100 100 153.8 201.3 Both 
Anti-

clockwise 
Recharge 
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Table 22 continues 

83.2 

27.10.95 1 Unspecified 100 100 170.8 164.7 
Prolonged 

high sat. 

Anti-

clockwise 
Recession 

29.06.99 1 Unspecified 100 100 112.7 113.9 
Prolonged 

high sat. 

Anti-

clockwise 
Recharge 

14.11.05 1 Unspecified 100 100 115.3 141.4 
Prolonged 

high sat. 

Anti-

clockwise 
Top 

29.11.11 1 Unspecified 100 100 105.3 129.3 
Prolonged 

high sat. 

Anti-

clockwise 
Top 

05.09.12 1 Unspecified 100 100 102.5 102.8 Neither Clockwise Recession 

16.11.13 1 
Debris 

avalanche 
96.1 100 96.1 110.7 

Sharp 

gradient 

Anti-

clockwise 
Top 

88.4 

13.09.97 1 Unspecified 91.5 91.7 98.9 98.1 
Prolonged 

high sat. 
Complex Complex 

14.08.03 1 Unspecified 100 100 115.9 123.9 
Prolonged 

high sat. 
Complex Recharge 

28.10.14 1 Unspecified 100 100 104.6 114.8 Neither 
Anti-

clockwise 
Top 

97.1 

25.09.03 1 Unspecified 100 100 129 194.6 Both 
Anti-

clockwise 
Top 

22.03.11 1 Unspecified 100 94.5 154.6 121.8 
Sharp 

gradient 
Clockwise Recession 

26.12.11 2 Unspecified 100 100 106.8 159.7 
Sharp 

gradient 

Anti-

clockwise 
Top 

16.11.13 1 Unspecified 100 100 149.5 140.4 
Sharp 

gradient 
Complex Recession 

109.9 

08.06.97 2 
Debris flow/ 

avalanche 
100 100 129.1 140.7 

Sharp 

gradient 

Anti-

clockwise 
Complex 

11.08.05 1 Unspecified 100 100 115.2 123.7 
Sharp 

gradient 
Complex Complex 

04.06.13 2 

Debris 

avalanche & 

unspecified 

83.1 69.1 117.4 91.3 
Prolonged 

high sat. 
Complex Recession 

109.42 

16.08.03 1 
Debris 

avalanche 
100 93.4 165.7 141.2 Both 

Anti-

clockwise 
Recession 

05.09.06 1 Unspecified 84.7 93.5 84.7 93.5 
Sharp 

gradient 
Linear Top 

122.9 

28.07.93 1 Unspecified 100 100 112.1 118.6 
Sharp 

gradient 
Clockwise Recession 

24.09.04 6 Unspecified 100 100 144.5 149.2 Both Complex Top 

27.09.04 2 Unspecified 83.9 98.5 103.7 112.2 Neither Complex Recession 

04.05.06 1 Unspecified 100 100 101.9 122.8 
Sharp 

gradient 

Anti-

clockwise 
Recharge 

11.04.11 1 Debris flow 90.4 100 90.4 134.4 
Sharp 

gradient 

Anti-

clockwise 
Top 
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Table 22 continues 

122.9 

12.04.11 1 Unspecified 100 89.2 134.4 108.2 
Sharp 

gradient 

Anti-

clockwise 
Recession 

09.06.13 4 
Debris 

avalanche 
95.1 95.9 96.6 96.6 

Sharp 

gradient 
Clockwise Recession 

14.08.13 1 Unspecified 100 86.9 107 91.3 
Sharp 

gradient 
Clockwise Recession 

22.06.14 2 

Debris 

avalanche & 

unspecified 

100 100 117.6 120.2 
Sharp 

gradient 
Clockwise Recession 

23.06.14 1 
Debris 

avalanche 
100 88.3 120.2 100.1 

Sharp 

gradient 
Clockwise Recession 

122.11 

05.05.00 1 Unspecified 100 100 124.5 119.6 
Sharp 

gradient 
Complex Recharge 

19.06.10 1 Unspecified 100 100 157 135 
Sharp 

gradient 
Clockwise Recession 

122.17 

17.03.90 1 Unspecified 47.3 93.7 47.3 93.7 
Sharp 

gradient 
Complex Recharge 

08.05.95 1 Unspecified 100 100 150.6 144.4 Both Complex Recession 

12.05.97 1 Unspecified 100 100 140.2 150.2 Both 
Anti-

clockwise 
Recharge 

21.04.00 1 Unspecified 100 100 135 139.5 Both 
Anti-

clockwise 
Complex 

23.04.00 1 Unspecified 100 100 146.3 146.2 Both Complex Complex 
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Appendix II – Parameters of the DDD model   

Table 20) Parameters of the DDD model with comment and method of estimation. Model parameters 

calibrated are marked in bold. In the method of estimation, * indicates parameters obtained through 

experience in calibrating DDD for gauged catchments in Norway. These parameters are set at a 

fixed value, that are within the recommended range for the HBV model (Sælthun, 1996). The GIS 

analyses are carried out using the national 25 m x 25 m DEM (www.statkart.no).  

Parameter Comment Method of 

estimation 

Value Ref 

Hypsographic curνe 
11 values describing the quantiles 0 

to 100. 

GIS   

Ws [%] 
Max liquid water content in snow Calibrated 5  

Hfelt Mean elevation of catchment GIS   

Sc Correction factor for precipitation as 

snow 

Calibrated   

𝑷𝒄 Correction factor for precipitation Calibrated   

TX [ºC] Threshold temperature rain/snow Calibrated   

TS[ºC] Threshold temperature melting/ 

freezing 

Calibrated    

CX [mmºC-1day-1] Degree-day factor for melting snow Calibrated   

Cglac [mmºC-1day-1] Degree-day factor for melting glacier 

Ice 

* 1.5 x θCX Sælthun 

(1996) 

CFR [mmºC-1day-1] 
Degree-day factor for freezing * 

0.02 
Sælthun 

(1996) 

Area [m2] 
Catchment area GIS 

  

maxLbog [m] Max distance distribution of bogs GIS   

midLbog [m] Mean distance distribution of bogs GIS   

Bogfrac Fraction of bogs in catchment GIS   

Zsoil Areal fraction of zero distance to the 

river network for soils 

GIS   

Zbog 
Areal fraction of zero distance to the 

river network for bogs 

GIS 
  

NOL Number of storage levels Std. value 5 Skaugen and 

Onof (2014) 

Cx 
Coefficient of variation for spatial 

distribution of snow 
Calibrated 
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𝜶𝟎 

Scale parameter of unit precipitation Estimated from 

observed spatial 

variability of 

precipitation 

  

D 

Decorrelation length of spatial 

precipitaiton 
Estimated from 

observed spatial 

variability of 

precipitation 

  

Cea [mmºC-1day-1] 
Degree day factor for 

eνapotranspiration 

Calibrated 
  

R Ratio defining field capacity Std. value 0.3 Skaugen and 

Onof (2014) 

δ 
Shape parameter of gamma 

distributed recession characteristic λ 

Estimated from 

recession 
  

β 
Scale parameter of gamma 

distributed recession characteristic λ 

Estimated from 

recession 
  

Vr [ms-1] 
Mean celerity in river Calibrated   

mRd [m] 
Mean distance distribution to the 

river network 

GIS   

sRd [m] 
Standard deviation of distances 

distribution of the river network 

GIS 
 

 

Rdmax 
Max of distance distribution in river 

network 

GIS 
 

 

M [mm] 

Max subsurface water 

reservoir/Mean of subsurface water 

reservoir 

Estimated from 

recession and 

MAD 

 

 

�̅� [m]  
Mean of distance distribution for 

hillslope 

GIS 
 

 

dmax [m] 
Max of distance distribution for 

hillslope 

GIS 
 

 

Glacfrac 
Fraction of bogs in catchment GIS 

 
 

mGl [m] 
Mean of distance distribution for 

glaciers 

GIS 
 

 

sGL [m] 
Standard deviation of distance 

distribution for glaciers 

GIS 
 

 

Areal fraction of 

glaciers in elevation 

zones 

Ten values GIS 
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Appendix III – Temporal dynamics of saturation 

Temporal dynamics of saturation (given in % of M) for all landslide events with the 

number of days on the x-axis and storage on y-axis. The day of the landslide event are 

indicated (day 21).  
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Appendix IV – Temporal dynamics of saturation including 

overland flow 

Temporal dynamics of saturation including overland flow (given in % of M) for all 

landslide events with the number of days on the x-axis and storage on y-axis. The day of 

the landslide event are indicated (day 21). The black horizontal line indicates maximum 

storage capacity (S=M). 
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Appendix V – Storage - Discharge Hysteresis 

Storage–discharge hysteresis with corresponding rainfall. In the bar plot of rainfall [mm] 

(days on the x-axis) the blue bar indicates the day of the landslide. In the hysteresis, 

storage [mm] is on x-axis, discharge [mm/day] on y-axis. The number of days denote the 

direction of the loop. The red dot indicates the day of the landslide. The blue, stippled line 

indicate the maximum storage capacity (M).  
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