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Abstract. This article examines how digital terrain model (DTM) spatial resolution influences rockfall modelling using a 

probabilistic process-based model, RockyFor3D, while taking into account the effect of forest on rockfall propagation and 20 

runout area. A rockfall site in the Trenta valley, NW Slovenia, was chosen as a case study. The analysis included DTM 

spatial resolutions of 1 m, 2 m, 5 m, 10 m, 12.5 m and 25 m, based on lidar data. The highest spatial resolution (1 m) was 

used to calibrate the surface roughness coefficients of the model while also taking into account the effect of forest since it 

shapes the rockfall propagation and runout area. The results of the calibration runs were evaluated using goodness-of-fit 

indices, and the best set of parameters were further used for modelling rockfalls with and without the effect of forest for all 25 

spatial resolutions. Accuracy statistics were used to validate the modelled rockfall propagation and runout area for each 

spatial resolution, with/without the effect of forest. Finally, modelling outputs, such as the mean of the maximum and 

maximum kinetic energy, the number of block passes and forest parameters in the rockfall propagation area, were compared. 

 Introduction 

Mountainous areas are prone to many mass movement processes, rockfalls being one of the most common. Rockfalls can be 30 

defined as the separation of rock masses from rock cliffs. This rocky material is transported in various ways, including by 

falling, bouncing, rolling and sliding (Guzzeti et al., 2002; Petje et al., 2006; Lopez-Saez et al., 2016). Rockfalls represent an 

important threat to human life and property, and their instantaneous occurrence makes temporal prediction practically 

impossible (Petje et al., 2006; Abbruzzese et al., 2009). Rockfall models, especially process-based ones, can be an efficient 

tool for predicting potential rockfall hazard areas, making it possible to identify rockfall release, transit and deposit areas as 35 
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well as to model rock trajectories, the kinetic energy of rocks, rock rebound heights and propagation and reach-out 

probability (Petje et al., 2005a after Kienholz et al., 1998; Dorren, 2003, 2016). By quantifying the potential rockfall hazard, 

simulation models can be used for planning different protection measures (e.g. technical measures, natural-based solutions) 

that can significantly reduce the potential risk of rockfall occurrence in high-threat areas (Dorren et al., 2005; Petje et al., 

2005c; Volkwein et al., 2011; Howlad et al., 2017).  40 

 

Forests provide a natural solution for protection against rockfalls in alpine regions (Berger et al., 2013; Toe and Berger, 

2015) since they can significantly reduce the intensity (kinetic energy) and propagation probability of falling rocks (Dorren 

and Berger, 2006; Lundström et al., 2009; Bertrand et al., 2013). Forest stands also provide protection against debris flows, 

as shown in a case study of an Alpine gorge in Slovenia (Fidej et al., 2015). Although several rockfall modelling approaches 45 

have been proposed in the last two decades (e.g. Guzzetti et al., 2002; Crosta et al., 2004; Jaboyedoff and Labiouse; 2011; 

Christen et al., 2012; Horton et al., 2013; Dorren, 2016), only a few consider the mitigation effect of forest (e.g. Berger et al., 

2004; Christen et al., 2012; Dorren, 2016). Models that do consider the protection effect of forest can additionally be used 

for mapping protection forest and quantifying its protection function against rockfalls (Dorren et al., 2007). In simulation 

models (e.g. Christen et al., 2012; Dorren, 2016) the protective effect of forest is considered via the spatial distribution of the 50 

forest stand, DBH distribution and tree species. Simulation models enable rockfall hazard mapping with and without the 

effect of forest, and with different forest scenarios (Dorren et al., 2007; Dupire et al., 2016).   

 

Some rockfall models are intended for use on a local scale (individual rockfall events), while others are more appropriate for 

the regional scale (multiple rockfall events) (e.g. Dorren, 2003; Jaboyedoff and Labiouse; 2011; Michoud et al., 2012, Crosta 55 

et al., 2015, etc.). The scale of modelling is an important factor when determining the purpose of the modelled results, as it 

will affect the choice of the spatial resolution of the input data. The most common input data for rockfall simulation models 

is the digital terrain model (DTM), which carries information about the main morphological properties of the surface. The 

spatial resolution of the DTM can have a significant impact on modelling both potential rockfall release and runout areas, 

primarily on the lateral dispersion of rockfall trajectories (Volkwein et al., 2011; Moos et al., 2018) and on the kinetic energy 60 

of rocks (Bühler et al., 2016). In order to achieve the most realistic results, the highest spatial resolution should be used in 

rockfall modelling; however, since individual rockfall models are designed for use at a particular spatial level, higher spatial 

resolution does not necessarily also provide improved modelling results (Zieher et al., 2012). Although a few studies have 

investigated the influence of changing DTM spatial resolution on rockfall modelling (e.g. Loye et al., 2009; Lan et al., 2010; 

Zieher et al., 2012; Frattini et al., 2013; Bühler et al., 2016; Žabota et al., 2019), none have also focused on analysing the 65 

protection effect of forest.  

 

Accordingly, this paper analyses the impact of changing spatial resolution on the protective effect of forest in rockfall 

propagation and runout areas. The aim was to quantify the effect of forest on rockfall runout by taking into account several 
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DTM spatial resolutions and to observe how it influences rockfall hazard assessment. For modelling rockfall propagation 70 

area, the RockyFor3D model was used (Dorren, 2016), and modelling was performed at different DTM spatial resolutions (1 

m, 2 m, 5 m, 10 m, 12.5 m, 25 m). The model was applied with and without the effect of forest, while forest stand conditions 

remained the same. Based on this analysis we investigated i) the effect of DTM spatial resolution on the modelling of 

rockfall propagation and runout areas, ii) the extent to which forest reduces rockfall propagation at different DTM spatial 

resolutions and iii) the influence of forest on various model output parameters at different DTM spatial resolutions. 75 

2 Materials and methods 

2.1 Study area 

The modelled area was a rockfall site located in the Trenta valley in Triglav National Park in the NW part of Slovenia (Fig. 

1). The last large rockfall event occurred in April 2017, when approximately 29,400 m3 of coarse material was released. The 

rockfall area and the surrounding area are composed of Upper Triassic layered limestone (SFRJ, 1986). In the rockfall 80 

deposit area, it was possible to detect rockfall deposits that resulted from older rockfall activity, as indicated by the colour of 

the rocks (older rocks are darker) and by vegetation cover (older rocks are overgrown by low shrubs and dwarf pines). 

Similar findings were also obtained when comparing orthophoto images from different years. In this study only the newest 

rockfall event, which comprises 19,342 m2, was modelled.  

 85 

2.2 Rockfall modelling 

The RockyFor3D rockfall model (Dorren, 2016) was used for modelling rockfall propagation and runout area. RockyFor3D 

is a probabilistic, process-based rockfall trajectory model of falling blocks in three dimensions (Dorren, 2016) that can be 

used for regional, local and slope-scale rockfall simulations. Rockfall trajectory is simulated as 3D vector data by calculating 

sequences of classical parabolic free falls through the air, rebounds on the slope surface, and also impacts against trees 90 

(optional). In the model rolling is represented by a sequence of short-distance rebounds, while rock sliding is not modelled. 

The required input data include the topography and surface slope characteristics, as well as a set of parameters that define the 

release conditions. The minimum input data required include the DTM, definition of the release area, rock density, rock size 

and shape, surface roughness and soil type (Dorren, 2016). RockyFor3D also enables simulation with forest, which can be 

done either i) by providing a text file with locations of the trees, their stem diameter at breast height (DBH) and the 95 

percentage of coniferous trees, or ii) by providing four raster maps containing the number of trees, mean DBH, standard 

deviation of DBH and the percentage of coniferous trees. Additionally, the model enables simulation with rockfall nets as 

protection structures on a slope. The main outputs of the model are maximum kinetic energy (90 % confidence interval of all 

maximum kinetic energy values), maximum bounce height, the number of block passes through each cell, rockfall 
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propagation probability, the number of deposited blocks, maximum simulated velocity, maximum tree impact height and the 100 

number of tree impacts per cell (Dorren, 2016).  

 

2.3 Used datasets 

The input data that was of interest in this study was the DTM. In the guidelines for use of the RockyFor3D model, it is stated 

that both the spatial precision of the simulated maps and the accuracy of the simulated kinematics decrease with increasing 105 

cell size (Dorren, 2016). However, the experience of the authors is that a 1×1 m spatial resolution does not necessarily 

improve the modelling results, and that the preferred spatial resolution lies between 2×2 m and 10×10 m (Dorren and 

Heuvelink, 2004). In order to test the preferred spatial resolution of the data, we used the following set of DTM spatial 

resolutions: 1×1 m (DTM1), 2×2 m (DTM2), 5×5 m (DTM5), 10×10 m (DTM10), 12.5×12.5 m (DTM12.5), and 25×25 m 

(DTM25). DTM data were created based on 1×1 m lidar data (SMARS, 2014) obtained in 2014, three years before the last 110 

rockfall event in the study area.  

 

By comparing the point clouds before (lidar point cloud) and after the rockfall event (photogrammetric point cloud obtained 

from the UAV survey in July 2018), and based on comparison of orthophoto images, we were able to determine the rockfall 

release area, which encompasses approximately 4,007 m2. Other initial inputs and parameters for the simulation model were 115 

determined based on a field survey and UAV observations. The rock density was set to 2500 kg/m3 (limestone release area; 

Berger and Dorren, 2007), and, based on the height difference between release and deposit areas, the initial fall height was 

set to 50 m. Block dimensions and block sizes were determined using data from 368 rocks that were deposited at the 

maximum runout of the rockfall. Consequently, the calculated block dimensions used for modelling were 1.4 m, 0.9 m and 

0.8 m, respectively, while the prevailing block shape was rectangular. Variation in block volume was based on field 120 

observations and set to ± 50 %.  

 

Surface roughness parameters (rg) represent rocks lying on the slope that form obstacles for falling rocks (Dorren, 2016). 

The parameters define the surface roughness, which is expressed as the size of the material covering the slope’s surface in 

the downward direction of the slope. Rg70, rg20 and rg10 correspond to 70 %, 20 % and 10 % of the cases during a rebound 125 

on the slope, respectively, and represent values from 0 to 100 (0 represents a smooth surface). In the first simulation rg 

parameters were set to rg70 = 0.25, rg20 = 0.5, rg10 = 0.9 (talus slope with average block diameter larger than 10 cm); 

however, in order to calibrate the model, a range of rg values were used in the calibration process (see Chapter 2.4). Soil type 

was chosen according to the guidelines of the model (talus slope with Ø > ~10 cm, or compact soil with large rock 

fragments). The number of simulations was set to 1000, as recommended by the authors. The modelling was also performed 130 

with and without the effect of forest. Simulation with forest was done by using tree locations, stem diameter at breast height 
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(DBH) and percentage of coniferous trees. Tree locations and additional attributes were obtained by using a digital surface 

model (DSM) and DTM1 using lidar data from 2014.   

2.4 Calibration of surface roughness parameters 

The choice of surface roughness parameters (rg70, rg20, rg10) must be done with care, as the model is sensitive to these 135 

parameters (Bourrier and Hungr, 2013; Gischig et al., 2015; Dorren, 2016). Therefore, calibration of these parameters was 

done using a range of values that changed at the same time and the same rate. The combination of rg values used for 

calibration was 0.15, 0.4, 0.8 – 0.26, 0.51, 0.91. Calibration of the model was performed using the highest spatial resolution 

(DTM1), and by taking into account the effect of forest.  

 140 

For evaluating the performance of each calibration run, we used goodness of fit indices (GOF) after Formetta et al. (2016). 

GOF indices are based on pixel-by-pixel comparison between the observed rockfall area map (OR) and predicted rockfall 

area map (PR) (Table 1). Comparison of these two maps results in binary maps with positive values corresponding to “actual 

rockfall area” and negative values corresponding to “not a rockfall area”. Correspondingly, four types of pixel outcomes are 

possible for each raster cell: i) true positive (TP) is a pixel mapped as an “actual rockfall area” on both the OR and PR 145 

(correct prediction), ii) true negative (TN) is a pixel mapped as “not a rockfall area” on both the OR and PR (correct 

detection of areas where rockfalls do not occur), iii) false positive (FP) is a pixel that is actually “not a rockfall area” on the 

OR but is mapped as an “actual rockfall area” on the PR (false alarm), and iv) false negative (FN) is a pixel that is an “actual 

rockfall area” on the OR but is mapped as “not a rockfall area” on the PR (missed alarm) (summarized based on Formetta et 

al., 2016). These indices are the basis of the concept of receiver operator characteristics (ROC; Goodenough et al., 1974) that 150 

are used for assessing the model performance using the relation between benefits (TP) and costs (FP). Formetta et al. (2016) 

incorporated eight GOF indices in the ROC system for quantification of model performance; however, four indices have 

been shown to be the most suitable for evaluation of calibration runs (Table 2): the success index (SI), distance to perfect 

classification (D2PC), the average index (AI), and true skill statistics (TSS). More comprehensive and detailed descriptions 

of the indices are available in Formetta et al. (2016).  155 

 

The calibration run that achieved the most optimal value with those indices was selected as the most successful, and the rg 

values of that calibration run were used for modelling rockfall runout area at all spatial resolutions considering two 

modelling scenarios: with and without forest. For the modelled rockfall area, the output propagation probability was used 

since this raster layer represents the most realistic spatial distribution of the current rockfall event and can be used for 160 

calculating spatial occurrence probability, which is used in rockfall hazard analyses (Dorren, 2016).  

2.5 Validation of the modelling results 
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Validation of rockfall runout zones for different spatial resolutions and both modelling scenarios was done based on 

accuracy statistics derived from the confusion matrix (Beguería, 2006) by using statistics that are not dependant on 165 

prevalence. The following accuracy statistics were used in this study to validate the model performance (presented in Table 

3): sensitivity, specificity, false positive rate and false negative rate. In order to support the validation procedure, additional 

outputs of the simulation model were analysed and argued in the results, namely: the surface area and runout lengths, the 

mean of the maximum kinetic energy, the maximum energy value recorded in a given cell, and the number of block passes 

through each cell. Additional features related to the effect of forest in the modelling that were compared were the number of 170 

trees in the propagation area, which changes when modelling with the effect of forest, average DBH values of those trees, 

and the mean of the maximum kinetic energy reached at the locations of those trees.  

 3 Results 

3.1 Model calibration for DTM1  

Model performance was evaluated using the set of data for the DTM1 spatial resolution (with the effect of forest) and a 175 

combination of 12 values of surface roughness coefficients (rg). The results of calibration runs of the GOF indices used are 

presented in Table 4. The results show that TPR values decrease, while FPR values increase, with increasing rg values. The 

most successful model performance can be attributed to calibration run 01, as the difference in the FPR rate is lower 

compared to the difference in TPR rate between the best (01) and worst (12) model run (Fig. 2). As rg values increase with 

each calibration run, the modelled extent of the rockfall runout zone decreases, resulting in greater underestimation of the 180 

actual rockfall propagation area. Looking at the remaining GOF indices in Table 5, it can be observed that the index values 

of all model runs are similar and do not deviate by more than 0.2. The larger deviation in values is achieved in the case of 

D2PC, where it can be observed that by increasing rg values, the D2PC increases. Considering all GOF indices presented in 

Table 5, it can be concluded that the best model performance is achieved by calibration run 01 (rg70 = 0.15, rg20 =0.4, rg10 

= 0.8).  185 

 

3.2 Validation of the modelled rockfall runout zones with and without forest 

The results of sensitivity and specificity statistics show (Table 5) that differences in the prediction rate between the correctly 

predicted positive and negative rates are minimal in the modelling of rockfall runout areas, both with and without the effect 

of forest as well as for different DTM spatial resolutions. The sensitivity rate is higher when the effect of forest is not taken 190 

into account in the modelling process for the majority of spatial resolutions, while the results of the specificity rate show that 

better prediction of negative cases is achieved when forest is taken into account in the modelling of rockfall propagation area 

(except DTM12.5 and DTM25 in both cases). The highest sensitivity rate is achieved by DTM1 in both modelling scenarios, 

while the lowest is achieved by DTM5 in the forest scenario and DTM12.5 in the scenario without forest. The highest value 
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as well as the lowest specificity rate is achieved by DTM5. There is no clear trend in relation to decreasing DTM spatial 195 

resolution and forest modelling scenarios when observing positively predicted rockfall runout area.  

 

In both modelling scenarios FPR rate is the largest in the case of DTM1, while the lowest rate is in the case of the no forest 

scenario achieved by DTM12.5 and in the forest scenario of DTM5. FPR values decrease with decreasing DTM spatial 

resolution in both modelling scenarios, while FNR values increase, except at DTM12.5 and DTM25, which have the same 200 

FNR in both scenarios. The majority of spatial resolutions have a lower FPR rate when forest is not taken into account in the 

modelling process, and higher FNR values when forest is taken into account. DTM1 achieves the lowest FNR values in both 

modelling scenarios. In the case of these modelling results, the FNR rate is an indicator of the largest differences and of 

when the model wrongly predicts areas that are not part of the rockfall runout area in the model. 

 205 

The rockfall propagation and runout area decreases with decreasing DTM spatial resolution in both modelling scenarios (Fig. 

3), and the model overestimates the actual rockfall extent at all spatial resolutions. The largest overestimation of the 

propagation area in all spatial resolutions and scenarios is in the northern part of the rockfall propagation area (lateral part of 

the rockfall source area) and in the maximum rockfall runout, while the southern lateral side exhibits the greatest match 

between the modelled results and actual rockfall outline. On average, the largest overestimation of rockfall propagation area 210 

occurs when forest is not taken into account, namely at DTM1 and DTM5 (35.3 m and 35.6 m). Underestimation of the 

propagation area is similar in both modelling scenarios; the lowest values in both are at DTM1. When observing the shape 

and extent of the runout area of the modelled results, it can be concluded that as DTM spatial resolution decreases, the 

rockfall propagation area becomes more generalized as the surface topography is disregarded, and the shape of rockfall 

propagation area is not represented accurately. The same can be concluded for both the forest and no forest scenarios. When 215 

observing the forest and no forest modelling results, it can also be stated that for DTM1, DTM2 and DTM5 spatial 

resolutions, the shape of the forest scenario changes according to the no forest scenario, and the change is only observed for 

the maximum runout distances. On the other hand, at DTM10, DTM12.5 and DTM25 spatial resolutions, it can be observed 

that the difference between the forest and no forest scenarios is not as clear as at the other spatial resolutions – both in the 

shape and maximum runout zone. DTM1, DTM2 and DTM5 spatial resolutions also provide comparable results with respect 220 

to the shape of the rockfall propagation, while modelling results of DTM10, DTM12.5 and DTM25 spatial resolutions are 

not comparable with the others.  

 

The forest has the largest impact on rockfall propagation area at DTM2, reducing it by 24 %, followed by DTM1 (19 %) and 

DTM5 (13 %) (Fig. 4). In the case of DTM25, the rockfall propagation extent is the same in both modelling scenarios, while 225 

the impact of forest is low in the case of DTM10, where the propagation area was only reduced by 5 %. In the case of 

DTM12.5, the rockfall propagation area is larger when forest is taken into account (by 4 %). When forest is included in the 

simulation, the largest overestimation of rockfall propagation is on average achieved by DTM25 (16.9 m), while DTM5 (7.9 
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m) exhibits the least overestimation on average. The underestimation rate of the simulation model is lower than the 

overestimation rate; the model underestimates the most at the maximum runout area (based on the location of the source 230 

area). The largest change in average rockfall runout zone length for modelling scenarios with and without forest is at DTM2, 

where the average runout zone decreased from 35.6 m to 10.6 m, followed by DTM1 (35.3 m  13.7 m) and DTM5 (22.1 m 

 7.9 m). At DTM10 the length decreased only by 1.3 m. At DTM12.5 and DTM25 the average length increased by 5.5 m 

and 2.9 m, respectively.  

 235 

3.3 Comparison of model outputs according to the forest / no-forest scenarios  

The results of different parameter outputs of the model are summarized in Table 6. The maximum energy value recorded in 

each cell (Ph_95CI) decreases with decreasing DTM spatial resolution in both the forest and no-forest scenarios. The 

greatest drop in kinetic energy is between the DTM1, DTM2 and DTM5 spatial resolutions for the forest scenario, while the 

differences between the other spatial resolutions are smaller. In no-forest scenarios, the differences in the maximum mean 240 

kinetic energy are smaller. The most evident change between modelling scenarios is at DTM1 and DTM2, where the 

maximum value decreases by 40 % and 58 %, respectively, while at other resolutions it even increases by a small percentage 

(< 2%). The mean of the maximum kinetic energy (E_mean) at DTM1 and DTM2 is larger when forest in taken into 

account, namely by 128.31 kJ at DTM1 and 437.14 kJ at DTM2.  

 245 

The maximum number of deposited rocks in one raster cell is higher when forest is taken into account in the modelling. This 

is because the maximum runout zone is less spatially extensive than when forest is not taken into account, and deposits in the 

model are more channelized. The maximum number of rock passages through one cell is lower when forest is part of the 

modelling. The largest differences between modelling scenarios with and without forest are exhibited in both the number of 

deposited rocks and rock passages only at DTM1, where the effect of forest has the biggest influence on rockfall runout 250 

zone.  

 

The number of trees that are located in the area, which is reduced by the impact of the forest, is the largest at DTM5 (255) 

and DTM1 (254) (Table 7). This is one of the reasons that the effect of forest is the largest at these two spatial resolutions, as 

the modelled propagation area without forest has more than 54 % more trees compared to other spatial resolutions. Average 255 

DBH values of the trees that were in the area, which was reduced due to the protection effect of forest, vary between spatial 

resolutions. The highest average DBH value was achieved by DTM12.5 (41.81 cm), followed by DTM2 (39.39 cm) and 

DTM1 (39.17 cm), while the lowest average DBH values were at DTM10. More than half of trees located in the area that 

was decreased due to the effect of forest had DBH values larger than 30 cm. The mean of the maximum kinetic energies of 

modelled rocks in the area of those trees varied between spatial resolutions; the largest was at DTM2 with 422.5 kJ, followed 260 

by DTM5 (352.7 kJ), while DTM10 (194.63 kJ) and DTM12.5 (173.037 kJ) achieved the lowest values.    
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4 Discussion and conclusions 

In this study we investigated the influence of DTM spatial resolution and the protection role of forest on modelling rockfall 

propagation and runout area. While setting up the modelling environment, we firstly calibrated the simulation model with rg 

values using GOF indices (Formetta et al., 2017) based on DTM1 with the forest scenario. The challenging part of using a 265 

larger number of GOF indices is how to combine their values into common indices in order to evaluate the model 

performance since all indices do not clearly point to only one model run and are not consistent with changing input 

parameter values. Based on the values of GOF indices, D2PC is the most consistent and, compared to other indices, is able to 

better capture the real variations of the changing input parameters (Formetta et al., 2017). An additional challenge that we 

encountered was the use of the optimal combination of rg parameters since the calibrated result still does not provide the 270 

optimal simulation of propagation area. The results are still comparable with the actual state of the rockfall propagation and 

runout area (e.g. Trappmann et al., 2014), but perhaps the calibration could be improved if i) the rg values were not changed 

simultaneously, ii) more combinations of coefficients were used, iii) the calibration was done together with soil types 

(Corona et al., 2017), and iv) calibration was done for an individual spatial resolution. In future rockfall modelling we should 

use new techniques for determining surface roughness coefficients and other geometrical information on endangered slopes 275 

and falling rocks, e.g. UAV technology (e.g. Saroglou et al., 2018; Vanneschi et al., 2019), which could improve the 

calibration of both surface and soil parameters and reduce the amount of field work.  

 

DTM1-DTM5 spatial resolutions have proven to predict the shape of the rockfall area the most accurately, while at DTM10-

DTM25 the shape of the propagation area is simplified and it indicates the shape of raster cells (Zieher et al., 2012). 280 

Overestimation is greatly reduced when the effect of forest is a part of the rockfall simulation at DTM1-DTM5 spatial 

resolutions since the runout zones of those DTMs have the longest runout distances and actually reach a larger forest area. 

The effect of forest is not evident at DTM10-DTM25 spatial resolutions. The influence of forest on modelling rockfall 

propagation area is most pronounced with respect to FPR and FNR rates. The FPR rate achieves the best results at lower 

spatial resolutions (due to larger overestimations at higher resolutions), while the FNR rate achieves the best modelling result 285 

with higher spatial resolutions, as they are better able to predict the actual rockfall area. To estimate the best overall 

performance of the spatial resolution and model scenarios, it is important to consider the differences in the accuracy statistics 

values, especially as they do not provide a clear solution on which model run is actually the most successful. This means that 

these two rates should indicate which model (spatial resolution) has better performance. Considering only these two rates 

and the fact that the rates have better results when forest is included in rockfall modelling, it can be concluded that in both 290 

cases DTM1 achieves better results, followed by DTM10 and DTM2. 

 

Forest not only reduces the rockfall propagation and runout area at all spatial resolutions, but also the maximum kinetic 

energy (e.g. Rammer et al., 2015; Bühler et al., 2016; Lopez-Saez et al., 2016; Moos et al., 2017). However, the maximum 
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kinetic energy can be greater and rock rebounds higher in some parts of the slope with the effect of forest, which can be 295 

explained by the forest’s channelizing effect on rocks. The average DBH of trees that were located in the area that was 

reduced by the protection effect of forest differs between spatial resolutions, which is related to the number and locations of 

those trees. DTM1-DTM5 spatial resolutions cover the area of compacted forest while others have shorter runout distances 

that only reach the forest edge where trees with lower DBH values are located. Tree data that were included into the 

simulation model were extracted from lidar data. An issue that we encountered is that due to errors, the height and DBH of 300 

trees are often overestimated, which can affect the final output result. Moreover, in areas of higher tree density, not all trees 

are identified, and the number of missing trees is not known in the simulation model (Monnet and Bourrier, 2014). The issue 

that needs to be considered regarding the inclusion of tree species in the model is the percentage of coniferous trees, as this 

could be critical for better rockfall propagation assessment (Monnet and Bourrier, 2014; Moos et al., 2018). At lower spatial 

resolutions the use of average conifer percentage might lead to incorrect computation of species to the diameter class.  305 

 

The findings of this study confirm that forest should be considered as part of rockfall hazard assessment (e.g. Clouet et al., 

2012; Dupire et al., 2016; Moos et al., 2018). Combining rockfall simulation tools with forest can lead to the identification of 

areas where the protective effect of the forest is insufficient and where additional technical protection measures should be 

considered (Radtke et al., 2014; Duipre et al., 2016; Moos et al., 2017, 2018). This data can help in planning the location and 310 

capacity of the required protection measures (e.g. the height of the nets and their capacity) and the associated costs (Fuhr et 

al., 2015; Dupire et al., 2016). Still, in order to appropriately evaluate the protection effect of forest, more detailed forest 

information should be included into the rockfall simulation model given that the current version of RockyFor3D only 

distinguishes conifers from broadleaved trees (Dorren, 2016). This could include tree species data, the vitality of trees, tree 

anchoring and site specific characteristics (Moos et al., 2018).  315 

 

Nevertheless, the decision on the protective effect of forest and additional protection measures will be strongly correlated 

with the DTM spatial resolution. The protection effect of forest was the most accurately portrayed at DTM1-DTM5, while 

the other spatial resolutions are too coarse to be used in planning of other protection measures. It is also important to state 

that a high DTM spatial resolution might be very sensitive to small changes in elevation, which can be observed in the 320 

rockfall simulation model results as high fluctuation/variability of e.g. maximum kinetic energy or bounce heights in a small 

area. This means that the results of the simulation model should not be applied blindly but with great care. Providing safe 

conditions for human activities must always come first. Thus, the decision on DTM spatial resolution must be consistent 

with the main goal of the final modelling results. Based on the results of this study, the preferred spatial resolutions on the 

local scale are DTM1, DTM2 and DTM5, while the others do not provide results that are realistic enough.  325 
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https://doi.org/10.5194/nhess-2019-372
Preprint. Discussion started: 13 November 2019
c© Author(s) 2019. CC BY 4.0 License.



11 

 

 

Competing interests. The authors declare that they have no conflicts of interest.  330 

 

Acknowledgements. This research was funded through the Interreg Alpine Space projects ROCKtheALPS (ASP 462) and 

GreenRisk4ALPs (ASP 635). 

References 

 335 

Abbruzzese, J.M., Sauthier, C., and Labiouse, V.: Considerations on Swiss methodologies for rock hazard mapping based on 

trajectory modelling, Nat. Hazards Earth Syst. Sci., 9, 1095-1109, doi; 10.5194/nhess-9-1095-2009, 2009. 

Beguería, S.: Validation and Evaluation of Predictive Models in Hazard Assessment and Risk Management, Nat. Hazards, 

37, 315-329, doi: 10.1007/s11069-005-5182-6, 2006. 

Berger, F. and Dorren, L.K.A.: Principles of the tool Rockfor.net for quantifying the rockfall hazard below a protection 340 

forest, Schweiz Z Forstwes, 158, 157-165, doi: 10.3188/szf.2007.0157, 2007. 

Berger, F., Dorren, L., Kleemayr, K., Maier, B., Planinsek, S., Bigot, C., Bourrier, F., Jancke, O., Toe, D., and Cerbu, G.: 

Eco-engineering and protection forest against rockfalls and snow avalanches, in: Management Strategies to adapt Alpine 

Space Forests to climate change risks, edited by: Cerbu, G.A., Hanewinkel, M.; Gerosa, G.; Jandl, R., IntechOpen, 191-210, 

doi: 10.5772/56275, 2013. 345 

Berger, F., Quetel, C., and Dorren, L.K.A.: Forest: a natural protection mean against rockfalls, but with which efficiency, in: 

International Congress Interpraevent, 815-826, 2004. 

Bertrand, D., Bourrier, F., Olmedo, I., Brun, M., Berger, F., and Liamam, A.: Experimental and numerical dynamic analysis 

of a live tree steam impacted by a Charpy pendulum, Int. J. Solids Struct., 50, 10, 1689-1698, doi: 

10.1016/j.ijsolstr.2013.01.037, 2013.  350 

Bourrier, F. and Hungr, O.: Rockfall dynamics: a critical review of collision and rebound models, in: Rockfall Engineering, 

edited by: Lambert, S., and Nicot, F., John Wiley & Sons, Inc., Hoboken, NJ, USA, 175-209, doi: 

10.1002/9781118601532.ch6, 2013.  

Bühler, Y., Christen, M., Glover, J., Christen, M., and Bartelt, P.: Significance of digital elevation model resolution for 

numerical rockfall simulations, 3rd RSS Rock Slope Stability Conference, Lyon 2016, 1-2, 2016. 355 

Christen, M., Bühler, Y., Bartelt, P., Leine, R., Glover, J., Schweizer, A., McArdell, B.W., Gerber, W., Deubelbeiss, Y., 

Feistl, T., and Volkwein, A.: Integral hazard management using a unified software environment. Numerical simulation tool 

“RAMMS” for gravitational natural hazards, 12th Congress Interpraevent 2012, Grenoble/France, 86, 2012.  

https://doi.org/10.5194/nhess-2019-372
Preprint. Discussion started: 13 November 2019
c© Author(s) 2019. CC BY 4.0 License.



12 

 

Clouet, N., Berger, F., and Liévois, J.: Rockfall modelling and risk zoning: A case study in the French Alps using geomatics, 

airborne laser scanning, 2D & 3D runout models, 12th Congress INTERPRAEVENT 2012, Grenoble, France, Conference 360 

Proceedings, 479-486, 2012.  

Corona, C., Lopez-Saez, J., Favillier, A., Mainieri, R., Eckert, N., Trappmann, D., Stoffel, M., Bourrier, F., and Berger, F.: 

Modelling rockfall frequency and bounce height from three-dimensional simulation process models and growth disturbances 

in submontane broadleaved trees, Geomorphology, 281, 66-77, doi: 10.1016/j.geomorph.2016.12.019, 2017.  

Crosta, G.B., Agliardi, F., Frattini, P., and Imposimato, S.: A three-dimensional hybrid numerical model for rockfall 365 

simulation, Geophys. Res. Abstr., 6, 04502, 2004. 

Crosta, G.B., Agliardi, F., Frattini, P., and Lari, S.: Key issues in rock fall modelling, hazard and risk assessment for rockfall 

protection, in: Engineering Geology for Society and Territory – Volume 2, edited by: Lollino et al., Springer International 

publishing, Switzerland, 43-58, doi: 10.1007/978-3-319-09057-3_4, 2015.  

Dorren, L., Berger, F., Jonsson, M., Krautblatter, M., Mölk, M., Stoffel, M., and Wehrli, A.: State of the art in rockfall – 370 

forest interactions, Schweiz Z Forstwes, 6, 128-141, doi:10.3188/szf.2007.0128, 2007.  

Dorren, L.K.A., and Berger, F.: Steam breakage of trees and energy dissipation during rockfall impacts, Tree Physiol., 26, 1, 

63-71, doi: 10.1093/treephys/26.1.63, 2006.  

Dorren, L.K.A., and Heuvelink, G.B.N.: Effect of support size on the accuracy of a distributed rockfall model, Int. J. Geog. 

Inf. Sci., 18, 595-609, doi: 10.1080/13658810410001703804, 2004. 375 

Dorren, L.K.A., Berger, F., le Hir, C., Mermin, E., and Tardif, P.: Mechanisms, effects and management implications of 

rockfall in forests, Forest Ecol. Manag., 215, 183-195, doi: 10.1016/j.foreco.2005.05.012, 2005. 

Dorren, L.K.A.: A review of rockfall mechanics and modelling approaches, Prog. Phys. Geog., 27, 1, 69-87, doi: 

10.1191/0309133303pp359ra, 2003.  

Dorren, L.K.A.: Rockyfor3D (v5.2) revealed. Transparent description of the complete 3D rockfall model, International 380 

association for natural hazard risk management ecorisQ, 32 pp, 2016.  

Dupire, S., Bourrier, F., Monnet, J.-M., Bigot, S., Borgniet, L., Berger, F., and Curt, T.: Novel quantitative indicators to 

characterize the protective effect of mountain forest against rockfall, Ecol. Indic., 67, 98-107, doi: 

10.1016/j.ecolind.2016.02.023, 2016.  

Fidej, G., Mikoš, M., Rugani, T., Jež, J., Kumelj, Š., and Diaci, J.: Assessment of the protective function of forests against 385 

debris flows in a gorge of the Slovenian Alps, iForest, 8, 1, 73-81, doi: 10.3832/ifor0994-007, 2015.  

Formetta, G., Capparelli, G., and Versace, P.: Evaluating performance of simplified physically based models for shallow 

landslide susceptibility, Hydrol. Earth Syst. Sci., 20, 4585-4603, doi: 10.5194/hess-20-4585-2016, 2016. 

Formetta, G., Capparelli, G., and Versache, P.: Quantifying the Performances of Simplified Physically Based Landslide 

Susceptibility Models: An Application Along the Salerno-Reggio Calabria Highway, in: Advancing Culture of Living with 390 

Landslides, edited by: Mikoš, M., Vilímek, V., Yin, Y., and Sassa, K., Springer, Cham, Volume 5, 245-252, doi: 

10.1007/978-3-319-53483-1_28, 2017.  

https://doi.org/10.5194/nhess-2019-372
Preprint. Discussion started: 13 November 2019
c© Author(s) 2019. CC BY 4.0 License.



13 

 

Frattini, P., Crosta, G.B., Agliardi, F., and Imposimato, S.: Challenging calibration in 3D modelling, in: Landslide Science 

and Practices, edited by Margottini, C., Canuti, P., Sassa, K., Springer, Verlag, Berlin, Heidelberg, Volume 3, 169-175, doi: 

10.1007/978-3-642-31310-3_23, 2013. 395 

Fuhr, M., Bourrier, F., and Cordonnier, T.: Protection against rockfall along a maturity gradient in mountain forests, Forest 

Ecol. Manag., 354, 224-231, doi: 10.1016/j.foreco.2015.06.012, 2015. 

Gischig, V.S., Hung, O., Mitchell, A., and Bourrier, F.: Pierre3D: a 3D stochastic rockfall simulator based on random ground 

roughness and hyperbolic restitution factors, Can. Geotech. J., 52, 136-1373, doi: 10.1139/cgj-2014-0312, 2015.  

Goodenough, D.J., Rossmann, K., and Lusted, L.B.: Radiographic applications of receiver operating characteristic (ROC) 400 

analysis, Radiology, 110, 89-95, doi: 10.1148/110.1.89, 1974. 

Guzzeti, F., Crosta, G., Detti, R., and Agliardi, F.: STONE: a computer program for the three-dimensional simulation of 

rock-falls, Comput. Geosci., 28, 9, 1079-1093, doi: 10.1016/S0098-3004(02)00025-0, 2002. 

Horton, P., Jaboyedoff, M., Rudaz, B., and Zimmermann, M.: Flow-R, a model for susceptibility mapping of debris flows 

and other gravitational hazards at a regional scale, Nat. Hazards Earth Syst. Sci., 13, 869-885, doi: 10.5194/nhess-13-869-405 

2013, 2013. 

Howlad, E.P., Abbruzzese, J.M., and Grisanti, C.: An approach for evaluating the role of protection measures in rockfall 

hazard zoning based on the Swiss experience, Nat. Hazards Earth Syst. Sci., 17, 1127-1144, doi: 10.5194/nhess-17-1127-

2017, 2017. 

Jaboyedoff, M., and Labiouse, V.: Technical note: Preliminary estimation of rockfall runout zones, Nat. Hazards Earth Syst. 410 

Sci., 11, 3, 819-828, doi: 10.5194/nhess-11-819-2011, 2011.  

Kienholz, H., Zeilstra, P., and Hollenstein, K.: Begriffsdefinitionen zu den Themen: Geomorphologie, in: Naturgefahren, 

Forstwesen, Sicherheit, Risiko – Arbeitspapeir. Bundesamt für Umwelt, Wald und Landschaft (BUWAL), Eidg. 

Forstdirektion, Bern, 66 pp., 1998. 

Lan, H., Martin, C. D., Zhou, C., and Ho Lim, C.: Rockfall hazard analysis using LIDAR and spatial modelling, 415 

Geomorphology, 118, 213-223, doi: 10.1016/j.geomorph.2010.01.002, 2010.  

Lopez-Saez, J., Corona, C., Eckert, N., Stoffel, M., Bourrier, F., and Berger, F.: Impacts of land-use and land-cover changes 

on rockfall propagation: Insights from the Grenoble conurbation, Sci. Total Environ., 547, 345-355, doi: 

10.1016/j.scitotenv.2015.12.148, 2016. 

Loye, A., Jaboyedoff, M., and Pedrazzini, A.: Identification of potential rockfall source areas at a regional scale using a 420 

DTM-based geomorphometric analysis, Nat. Hazards Earth Syst. Sci., 9, 1643-1653, doi: 10.5194/nhess-9-1643-2009, 2009.  

Lundström, T., Jonsson, M.J., Volkwein, A., and Stoffel, M.: Reactions and energy absorption of trees subject to rockfall: a 

detailed assessment using a new experimental method, Tree Physiol., 29, 345-359, doi:10.1093/treephys/tpn030, 2009. 

Michoud, C., Derron, M.-H., Horton, P., Jaboyedoff, M., Baillifard, F.-J., Loye, A., Nicolet, P., Pedrazzini, A., and Queyrel, 

A.: Rockfall hazard and risk assessment along roads at regional scale: example in Swiss Alps, Nat. Hazards Earth Syst. Sci., 425 

12, 615-629, doi: 10.5194/nhess-12-615-2012, 2012.  

https://doi.org/10.5194/nhess-2019-372
Preprint. Discussion started: 13 November 2019
c© Author(s) 2019. CC BY 4.0 License.



14 

 

Mikoš, M., Petje, U., and Ribičič, M.: Application of a Rockfall Simulation Program in an Alpine Valley in Slovenia. In: 

Disaster Mitigation of Debris Flows, Slope Failures and Landslides, in: Frontiers Science Series 47, Universal Academy 

Press, Tokyo, 199-211, 2006. 

Monnet, J.M. and Bourrier, F.: Evaluation of the effect of forest input data on rockfall simulations, INTERPRAEVENT 430 

2014, International Symposium on Natural Disaster Mitigation to Establish Society with Resilience, Japan, Nara, 25-28 

November, 8 pp.  

Moos, C., Dorren, L., and Stoffel M.: Quantifying the effect of forests on frequency and intensity of rockfalls, Nat. Hazards 

Earth Syst. Sci., 17, 291-304, doi: 10.5194/nhess-17-291-2017, 2017. 

Moos, C., Fehlmann, M., Trappmann, D., Stoffel, M., and Dorren, L.: Integrating the mitigating effect of forests into 435 

quantitative rockfall risk analysis – Two case studies in Switzerland, Int. J. Disast. Risk. Re., 32, 55-74, doi: 

10.1016/j.ijdrr.2017.09.036, 2018.  

Petje, U., Mikoš, M., and Majes, B.: Modeliranje gibanja skalnih podorov – pregled = Modelling of rockfall motion – a 

review, Acta hydrotechnica, 23/38, 19-38, 2005a. 

Petje, U., Mikoš, M., and Majes, B.: Motion of rock masses on slopes, Geologija, 49/2, 393-408, doi: 440 

10.5474/geologija.2006.028, 2006. 

Petje, U., Mikoš, M., and Ribičič, M.: Hazard assessment due to falling stones on a reach of the regional road in the Trenta 

valley, Slovenia, Geologija, 48, 2, 341-354, doi: 10.5474/geologija.2005.027, 2005b. 

Petje, U., Ribičič, M., and Mikoš, M.: Computer simulation of stone falls and rockfalls = Računalniško simuliranje skalnih 

odlomov in podorov, Acta Geogr. Slov., 45-2, 93-100, doi: 10.3986/AGS45204, 2005c. 445 

Radtke, A., Toe, D., Berger, F., Zerbe, S., and Bourrier, F.: Managing coppice forests for rockfall protection: lessons from 

modelling, Ann. For. Sci., 71, 4, 485-494, doi: 10.1007/s13595-013-0339-z, 2014.  

Rammer, W., Brauner, M., Ruprecht, H., and Lexer, M.J.: Evaluating the effect of forest management on rockfall protection 

and timber production at slope scale, Scand. J. Forest Res., 30, 8, 719-731, doi: 10.1080/02827581.2015.1046911, 2015.  

Saroglou, C., Asteriou, P., Zekkos, D., Tsiambaos, G., Clark, M., and Manousakis, J.: UAV-based mapping, back analysis 450 

and trajectory modelling of a coseismic rockfall in Lefkada island, Greece, Nat. Hazard Earth Syst. Sci., 18, 321-333, 

10.5194/nhess-18-321-2018, 2018.  

SFRJ: Osnovna geološka karta, L 33-52, L 33-51, Beljak in Ponteba, 1:100.000, Beograd, Zvezni geološki zavod 1986. 

[map] 

SMARS: LiDAR data in D48GK Projection, The Surveying and Mapping Authority of the Republic Slovenia, 2014. 455 

[dataset] 

Toe, D., and Berger, F.: Regional mapping of forest with a protection function against rockfall, in: Engineering Geology for 

Society and Territory, edited by: Lollino, G., Giordan, D., Crosta, G.B., Corominas, J., Azzam, R., Wasoski, J., Sciarra, N., 

Springer International Publishing, Cham, Volume 2, 1957-1959, doi: 10.1007/978-3-319-09057-3_346, 2015.  

https://doi.org/10.5194/nhess-2019-372
Preprint. Discussion started: 13 November 2019
c© Author(s) 2019. CC BY 4.0 License.



15 

 

Trappmann, D., Stoffel, M., and Corona, C.: Achieving a more realistic assessment of rockfall hazards by coupling three-460 

dimensional process models and field-based tree-ring data, Earth Surf. Process. Landforms, 39, 1866-1875, doi: 

10.1002/esp.3580, 2014.  

Vanneschi, C., Di Camillo, M., Aiello, E., Bonciani, F., and Salvini, R.: SfM-MVS Photogrammetry for rockfall hazard 

analysis and hazard assessment along the ancient roma via flamina road at the Furlo gorge (Italy), ISPRS Int. J. Geo-Inf., 8, 

325, 1-23, doi: 10.3390/ijgi8080325, 2019.  465 

Volkwein, A., Schellenberg, K., Labiouse, V., Agliardi, F., Berger F., Bourrier, F., Dorren, L.K.A., and Jaboyedoff, M.: 

Rockfall characterization and structural protection – a review, Nat. Hazards Earth Syst. Sci., 11, 2617-2651, doi: 

10.5194/nhess-11-2617-2011, 2011.  

Žabota, B., Repe, B., and Kobal, M.: Influence of digital elevation model resolution on rockfall modelling, Geomorphology, 

328, 183-195, doi: 10.1016/j.geomorph.2018.12.029, 2019. 470 

Zieher, T., Formanek, T., Bremer, M., Meissl, G., and Rutzinger, M.: Digital terrain model resolution and its influence on 

estimating the extent of rockfall areas, Trans. GIS, 16, 5, 691-699, doi: 10.1111/j.1467-9671.2012.01334.x, 2012.  

 

 

 475 

 

 

 

 

 480 

 

 

 

 

 485 

 

 

 

 

 490 

 

 

 

https://doi.org/10.5194/nhess-2019-372
Preprint. Discussion started: 13 November 2019
c© Author(s) 2019. CC BY 4.0 License.



16 

 

 

FIGURE CAPTIONS 495 

 

Figure 1. Location of the study area in the NW part of Slovenia with an aerial image of the rockfall.  

Figure 2. Comparison of calibration run 01 and 12 for DTM1 with taking into account the effect of forest. It can be observed that for 

calibration run 01 (the lowest rg values), the model has better results at the maximum runout zone, while at the northern part (right lateral 

side from the source area) the model result are poorer for calibration run 01.   500 

Figure 3. Modelling results for DTM spatial resolutions (1, 2, 5, 10, 12.5, 25 m) taking into account two modelling scenarios: with and 

without the protection role of forest.   

Figure 4. Modelled rockfall propagation area in relation to changing DTM spatial resolution (1, 2, 5, 10, 12.5, 25 m) and two modelling 

scenarios (with and without the protection role of forest).  Rockfall propagation area (m2) is the largest in DTM1 and decreases with the 

use of a coarser DTM. Simulation results show that the propagation area is larger without forest. At DTM12.5 and DTM25 the propagation 505 
area is almost the same in both scenarios (forest / no-forest). 

 

TABLE CAPTIONS 

 

Table 1. Confusion matrix showing the relation between observed and predicted rockfall area: TP – true positive, FP – false positive, TN – 510 
true negative, FN – false negative.    

Table 2. Indices of goodness-of-fit (GOF) for comparison between actual rockfall area and predicted rockfall area, after Formetta et al. 

(2016).    

Table 3. Accuracy statistics not dependant on prevalence (Beguería, 2006), used for validation of the modelling results.     

Table 4. GOF index values, AI, DP2D, SI and TSS, for the calibration run using DTM1 and taking into account the effect of forest. 515 

Table 5. Validation results for modelling scenarios taking into account different spatial resolutions and two modelling scenarios: with and 

without the effect of forest. 

Table 6. The maximum values of output rasters of the RockyFor3D model for scenarios with and without forest: the mean of the 

maximum kinetic energy in kJ (E_mean), the maximum energy value recorded in a given cell/the 95% confidence interval of all maximum 

kinetic energy values in each cell in kJ (Ph_95CI), the number of blocks stopped in each cell (Nr_d), and the number of block passes 520 
through each cell (Nr_p). 

Table 7. The number of trees in the propagation area that changes when modelling with the effect of forest (Nr_trees), average DBH 

values of those trees (DBH average) and the mean of the maximum kinetic energies (E_mean) reached at the locations of those trees. 
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Figure 1. Location of the study area in the NW part of Slovenia with an aerial image of the rockfall.  
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Figure 2. Comparison of calibration run 01 and 12 for DTM1 with taking into account the effect of forest. It can be observed that for 

calibration run 01 (the lowest rg values), the model has better results at the maximum runout zone, while at the northern part (right lateral 

side from the source area) the model result are poorer for calibration run 01.   
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 540 

Figure 3. Modelling results for DTM spatial resolutions (1, 2, 5, 10, 12.5, 25 m) taking into account two modelling scenarios: with and 

without the protection role of forest.   
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Figure 4. Modelled rockfall propagation area in relation to changing DTM spatial resolution (1, 2, 5, 10, 12.5, 25 m) and two modelling 545 
scenarios (with and without the protection role of forest).  Rockfall propagation area (m2) is the largest in DTM1 and decreases with the 

use of a coarser DTM. Simulation results show that the propagation area is larger without forest. At DTM12.5 and DTM25 the propagation 

area is almost the same in both scenarios (forest / no-forest). 
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TABLES 

 

Table 1. Confusion matrix showing the relation between observed and predicted rockfall area: TP – true positive, FP – false positive, TN – 

true negative, FN – false negative.    

 observed rockfall 

predicted rockfall X1 X0 

X'
1 TP FP 

X'
0 FN TN 

 560 

Table 2. Indices of goodness-of-fit (GOF) for comparison between actual rockfall area and predicted rockfall area, after Formetta et al. 

(2016).    

Name Definition Range Optimal value 

Success index (SI) 𝑆𝐼 =
1

2
×  (

𝑇𝑃

𝑇𝑃 + 𝐹𝑁
+ 

𝑇𝑁

𝐹𝑃 + 𝑇𝑁
) [0, 1] 1.0 

Distance to the 

perfect 

classification 

(D2PC) 

𝐷2𝑃𝐶 = √(1 − 𝑇𝑃𝑅)2 + 𝐹𝑃𝑅2 [0, 1] 0.0 

Average index (AI) 𝐴𝐼 =
1

4
× (

𝑇𝑃

𝑇𝑃 + 𝐹𝑁
+

𝑇𝑃

𝑇𝑃 + 𝐹𝑃
+

𝑇𝑁

𝐹𝑃 + 𝑇𝑁
+

𝑇𝑁

𝐹𝑁 + 𝑇𝑁
) [0, 1] 1.0 

True skill statistics 

(TSS) 
𝑇𝑆𝑆 =  

(𝑇𝑃 × 𝑇𝑁) − (𝐹𝑃 × 𝐹𝑁)

(𝑇𝑃 + 𝐹𝑁) × (𝐹𝑃 + 𝑇𝑁)
 [-1, 1] 1.0 

 

Table 3. Accuracy statistics not dependant on prevalence (Beguería, 2006), used for validation of the modelling results.     

Name Definition Explanation 

Sensitivity (SEN) 
𝑆𝐸𝑁 =

𝑇𝑃

𝑇𝑃 + 𝐹𝑁
 

the proportion of positive cases 

correctly predicted 

Specificity (SPE) 
𝑆𝑃𝐸 =

𝑇𝑁

𝑇𝑃 + 𝑇𝑁
 

the proportion of negative cases 

correctly predicted 

False positive rate (FPR) 
𝐹𝑃𝑅 =

𝐹𝑃

𝐹𝑃 + 𝑇𝑁
 

the proportion of false positives in the 

total of negative observations 

False negative rate 

(FNR) 
𝐹𝑁𝑅 =

𝐹𝑁

𝑇𝑃 + 𝐹𝑁
 

the proportion of false negatives in 

the total of positive observations 
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Table 4. GOF index values, AI, DP2D, SI and TSS, for the calibration run using DTM1 and taking into account the effect of forest. 

calibration run FPR TPR AI D2PC SI TSS 

01 (rg 0.15, 0.40, 0.80) 0.9932 0.0051 0.9941 0.0085 0.9304 0.9881 

02 (rg 0.16, 0.41, 0.81) 0.9834 0.0045 0.9895 0.0172 0.9335 0.9789 

03 (rg 0.17, 0.42, 0.82) 0.9702 0.0038 0.9832 0.0301 0.9367 0.9663 

04 (rg 0.18, 0.43, 0.83) 0.9574 0.0034 0.9770 0.0427 0.9376 0.9540 

05 (rg 0.19, 0.44, 0.84) 0.9411 0.0031 0.9690 0.0590 0.9366 0.9380 

06 (rg 0.20, 0.45, 0.85) 0.9186 0.0029 0.9579 0.0814 0.9332 0.9158 

07 (rg 0.21, 0.46, 0.86) 0.8927 0.0026 0.9451 0.1073 0.9290 0.8901 

08 (rg 0.22, 0.47, 0.87) 0.8739 0.0024 0.9358 0.1261 0.9263 0.8715 

09 (rg 0.23, 0.48, 0.88) 0.8551 0.0023 0.9264 0.1450 0.9231 0.8528 

10 (rg 0.24, 0.49, 0.89) 0.8347 0.0021 0.9163 0.1653 0.9188 0.8325 

11 (rg 0.25, 0.50, 0.90) 0.8193 0.0020 0.9086 0.1807 0.9166 0.8173 

12 (rg 0.26, 0.51, 0.91) 0.8039 0.0019 0.9010 0.1962 0.9139 0.8020 

 

Table 5. Validation results for modelling scenarios taking into account different spatial resolutions and two modelling scenarios: with and 570 
without the effect of forest. 

 SCENARIO WITHOUT FOREST SCENARIO WITH FOREST 

spatial resolution sensitivity specificity FPR FNR sensitivity specificity FPR FNR 

DTM1 0.999 0.990 0.010 0.001 0.993 0.995 0.005 0.007 

DTM2 0.975 0.992 0.008 0.025 0.936 0.996 0.004 0.064 

DTM5 0.937 0.995 0.005 0.063 0.905 0.997 0.003 0.095 

DTM10 0.984 0.995 0.005 0.016 0.979 0.996 0.004 0.021 

DTM12.5 0.927 0.997 0.003 0.073 0.927 0.997 0.003 0.073 

DTM25 0.969 0.997 0.003 0.031 0.969 0.997 0.003 0.031 
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Table 6. The maximum values of output rasters of the RockyFor3D model for scenarios with and without forest: the mean of the 

maximum kinetic energy in kJ (E_mean), the maximum energy value recorded in a given cell/the 95% confidence interval of all maximum 

kinetic energy values in each cell in kJ (Ph_95CI), the number of blocks stopped in each cell (Nr_d), and the number of block passes 

through each cell (Nr_p). 

 WITHOUT FOREST WITH FOREST 

spatial resolution E_mean Ph_95CI Nr_d Nr_p E_mean Ph_95CI Nr_d Nr_p 

DTM1 3434.2 23322.4 16910 290739 3562.5 14206.5 19058 272416 

DTM2 3035.1 10303.3 4433 109626 2598.0 4303.2 4307 97640 

DTM5 1527.1 2340.05 3538 21954 1537.6 2386.6 3598 21015 

DTM10 1483.9 2297.9 2463 11168 1495.8 2299.6 2481 10904 

DTM12_5 1388.9 2324.4 2091 6967 1534.2 2331.0 2153 6959 

DTM25 1366.0 2209.8 892 2020 1364.0 2211.2 907 2002 

 580 

Table 7. The number of trees in the propagation area that changes when modelling with the effect of forest (Nr_trees), average DBH 

values of those trees (DBH average) and the mean of the maximum kinetic energies (E_mean) reached at the locations of those trees. 

spatial resolution Nr_trees DBH_average E_mean 

DTM1 254 39.17 337.67 

DTM2 255 39.39 407.17 

DTM5 116 35.96 354.22 

DTM10 44 29.15 212.40 

DTM12_5 92 41.81 178.85 

DTM25 77 28.47 95.70 
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