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Abstract. The article describes the cartographic and hydraulic modelling of the Kuzlovec torrent in the Polhov Gradec Hills. The torrent is situated in forest covered area, formed by steep slopes, rocks and numerous cascades. Terrestrial laser scanning was used to collect the data for the DTM production, which was used as a model for the mathematical modelling, prepared using two hydraulic models, and to study the influence of the large woody debris on the water flow. The demanding field work, the DTM production, hydraulic modelling and presentation of DTM changes, caused by high water floods in the period of our measurements are explained and discussed. 
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Introduction
Mathematical modelling of water flow with free surface in hydraulic models requires the most accurate and correct data about the surface. One of the most commonly used mathematical models of the Earth's surface, which is used in hydraulic models, is the DTM, organized as high values in grid network. Its use is widespread because it makes it easy to deal with the direction of movement of water flows along the ground. DTM can be made from data obtained from different sources: laser scanning (lidar), terrestrial or aerial photogrammetry, radar and optical satellite imagery, GNSS and terrestrial topographic surveying, contour lines on a topographic map. Lidar is a technology that enables the capture of accurate data on the ground in large areas and also areas covered with forest. In addition, laser scanning data is an useful data source in forestry applications for estimation of biomass, of crown transparency and of other forest inventory parameters such as tree height and diameter at breast height (DBH) 
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Simonse et al. 2003).
Problems in the production of DTM’s in steep forested terrain from the aerial laser scanning (ALS) have described by Kobler (2011). He presented a new algorithm, called REIN, where filtering the cloud points on steep slopes covered with heterogeneous trees uses several possible estimates of the height of the ground at points in rectangular or triangular grid interpolated from surrounding ground points (Kobler et al 2007). The nature of the terrestrial laser scanning (TLS) data is different from the ALS data (larger incidence scanning angles, higher, but inhomogeneous point cloud density). Several authors have presented the TLS data based DTM creation in forested areas. In most cases, DTM is used as one of sources to obtain data for forest inventory (Simons et al 2003; Bienert et al 2006) and for 3D modeling of standing trees (Thies et al 2004; Moskal and Zheng 2012).
One of the goals of our research was also to estimate large woody debris (LWD) recruitment potential in torrential watersheds, and to describe the interactions of wood and torrential sediments in a cascading forested torrential channel (Grigillo et all 2015). 
Area and terrain measurements
The Kuzlovec Torrent in the Gradaščica watershed (central Slovenia), was chosen as a study area (mouth at 394m a.s.l. and the highest point at 800m a.s.l). The TLS measurements covered the lower reach with slope ~10° between approx. 500m a.s.l. to the torrent mouth at 394m a.s.l. with slopes of ~30° (figures 1). The torrent is formed by steep slopes, rocks and numerous cascades, a huge amount of dead wood create an addition obstacle for water flow. Entire torrent area is covered mainly with beech forests.
The first data acquisition was carried out in three days in spring 2013 by a terrestrial laser scanner (model RIEGL VZ-400) and digital camera Nikon D700. The discharge during the field surveying was measured by a dilution method and was estimated to ~10 l/s. In total 29 scan stations were distributed along the torrent to assure the optimal coverage of the torrential channel. The scans captured from different scanning station were registered into a common coordinate system (CCS) using tie points, which were signalized with Riegel’s cylindrical retro-reflected targets with the height of 10 cm (figure 2 left). The applied resolution of terrestrial laser scanning was 8 cm at 50 m distance for the torrential channel and the neighbouring slopes, and 4 cm at 50 m distance for the narrow torrential channel with channel structures (step-pool sequences, rocks & boulders). 
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Figure 1. Forrest covered area of torrent Kuzlovec (left), TLS surveyed area and geodetic network (right).

Ten control points along the torrent were stabilized and signalized with cylindrical retro-reflected targets during scanning so that their coordinates in a CCS could be obtained. Coordinates of these control points in national coordinate system were determined as coordinates of points in a traverse measured with tachymetry (figure 1 right). The traverse started and ended at the points with the coordinates obtained from the GNSS (global navigation satellite system) measurements. Accuracies of coordinates of control points were very heterogeneous due to difficult field conditions (steep slopes, occluded sights, varying temperature, etc.). Finally, five control points with an appropriate spatial distribution and with the optimal accuracies were used for geo-referencing. The relative accuracy of points in point cloud estimated as a std. deviation of residuals from registration was 1.5 cm, while absolute accuracy estimated as a std. deviation of residual from a geo-referencing was 3.5 cm (Grigilo et all 2014).
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Figure 2. Scanning in demanding steep slopes (left), coloured point cloud (right).

The point cloud consists of several million points. The points were coloured with images made with digital camera to support visual interpretation of the captured objects (figure 2 right).
In 2014 two natural disasters heavily affected the area of Kuzlovec torrent. In the February 2014 ice storm caused a lot of additional falling trees which could change the hydraulic behaviour rapidly. In April 2014, we therefore made an overview of area to verify the changes maturing trees due to ice storm. As expected, a lot of additional trees have fallen from the steep slopes into the watershed, but due to strait torrent channel most of the trunks fell above the riverbed having no immediate affection on fluidity and speed of the stream. The impact will be increased until the years when the trunks due to the thick will fall directly into the watercourse.
In the late summer very locally concentrated heavy raining triggered high waters floods and huge changes in watershed (figures 3). Changes in topography encouraged us to make another campaign of TLS measurements, which were done in two days in September 2014 mostly following procedure form 2013, with the exception of using digital camera.
DTM creation
Captured TLS data were used to create digital terrain model (DTM) of the torrential channel area. Data were processed using different software packages. We used Riegel’s RiSCAN PRO for manipulating the point cloud, LAStools for DTM production, MeshLab for computing normal vectors for point sets and Matlab to perform the calculation of inventory parameters. The point cloud was translated by 446,000 m and 104,000 m by Y and X 
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Figure 3. Situation in Kuzlovec watershed before (left) and after ice storm and floods (right). Upper images show significant deepness of watershed and many additional falling trees on slopes, while lower ones show accumulation of material. Neighbouring trees can be used as a reference points.

axis respectively to avoid large numbers in computations. In order to obtain the appropriate amount of data for processing on common PC, the point cloud was divided in 16 sectors composed of the scans from 2 to 4 neighbouring scanning stations. Each sector was exported as LAS file and processed within LAStools. Lasground tool was used for bare-earth extraction. Within lasground we used extra_fine parameter to intensify the search for initial ground points. We also used step parameter with value 0.5, spike parameter with threshold 0.1 m at which spikes get removed and offset 0.1 to which points above the current ground estimate get included. The values of the parameters were obtained empirically based upon visual examination of the results. Ground points were imported into RiSCAN PRO and visually inspected. Some non-ground points which occurred mostly on the edges of the sectors were removed manually. Each sector of ground points was filtered using octree filter with increment of 0.02 m. All 16 sector’s ground points were merged into single file and DTM with the 0.05 m grid-cell size was interpolated using las2dem tool within LAStools, as seen at figure 4 (Grigillo et all 2015).
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Figure 4. DTM of Kuzlovec torrent watershed.

Furthermore, the point cloud was used for recognition of fallen trees and dead wood, and the results were compared with manual dead wood survey. Large woody debris (LWD) was defined as wood pieces of diameter >10cm and longer >1m. A 595.5 longitudinal meters of the torrential channel was scanned with TLS during the project. Several algorithms were tested for automatic LWD detection based upon geometric and/or radiometric values of the point cloud (figure 5 left). None of the algorithms proved to be efficient when applied to the larger area of the torrent channel. The main problems for the automatic extraction presented varying conditions along the torrent channel such as changes in the terrain shape, different and steep slopes, changing light conditions, laser beam shadows etc. Therefore LWD was extracted manually in RiSCAN PRO. 574 wood pieces that correspond to the LWD definition were found in the torrential channel and on the neighbouring slopes (we limited the LWD extraction to 15 horizontal meters on both sides of the torrent). The complete dead tree volume (LWD) was calculated to be 48.66m3 (Grigillo et all 2015).
The lengths and diameters of fallen trees were measured manually for validation purposes. Manual measurements were performed in two smaller test areas along the torrent. A measuring tape was used to measure a diameter, while the length of each tree was calculated as a distance between points measured with tachymetry at both ends of a trunk. Position of a tree was calculated from a tachymetric data as well as from a georeferenced point cloud and was used to match corresponding pairs of trees measured manually and in the point cloud.  Additionally, the level of decomposition of fallen trees was estimated by a forestry expert (Grigillo et all 2015).
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Figure 5. Extraction of LWD from TLS point cloud and recognized LWD indicated on DTM.
Some 20% of the LWD was not recognised using TLS if compared to the manual survey. The amount of LWD was estimated to ~0.1m3 per running meter of the torrential channel, and dead tree volume (~30m3/ha) was compared to the average forest stand in Slovenia (346m3/ha) – LWD found close to the torrential channel represents ~8% of the wooden biomass. (Grigillo et all 2015).
Hydraulic analyzes
Modelling the movement of water flows on the basis of the DTM was carried out by using two hydraulic models. For 2D hydraulic analysis of water flow, we used a computer program Flo-2D (O'Brien 2009). Flo-2D is a two-dimensional model, designed to calculate the movement of water and mass flows. Other mathematical model Tis ISAT allows modelling of water flow with free surface method SPH (Smoothed Particle hydrodynamics) in both two and three dimensions. The model was developed at the Chair of Fluid Mechanics with Laboratory as the first SPH model developed in Slovenia. Both model modes, 2D (Petkovšek et al 2010; Petkovšek et al 2010b) and 3D (Džebo et al 2013), were tested in a number of laboratory cases. 3D model used in this paper has been tested on real topographic data (Džebo et al 2014). SPH is a relatively new Lagrangian method, which constructed area tile by means of moving mass particles and by its nature is very suitable tiles for modelling the rapid changes in water levels, typical of steep torrential channel. The method was developed in 1977 (Gingold and Monaghan 1977; Lucy 1977) and was intended for modelling compressible gases in astrophysics. Through the years the method have been developed and updated and became popular for use in other areas. In 1994 it was proposed to model the flow of water free surface (Monaghan 1994) and within a relatively short time became very popular for such purposes (Grigillo et al 2014).
In our application Flo-2D and Tis ISAT applications were used to study the impact of large tree residues (thicks) on water flow in the steep torrential river bed Kuzlovec. Calculation of changes in water flow with the program Flo-2D in two dimensions is carried out with a computational algorithm with respect to computer-based approximate finite difference methods using the numerical solution of the Navier-Stokes equations. The model simulates the progression of the flood wave by a system of square grid elements, which presents the topography of the surface in the same manner as observed in the DTM of the terrain. The program takes into account the movement of water flow within 8 directions just as it was reflected in the D8 algorithm for the account of the direction of the depositing surface water flows. At the hydraulic calculation the roughness of the surface have to be considered by the Manning roughness coefficient for shallow surface flow and numerical parameters, which regulates the deviations in maintaining the mass balance of water in the model (Grigillo et al 2014).
In a 3D mathematical model Tis ISAT the size of the particles used was d = 0.05 m, the volume of water in the simulated range V = 2.88 m 3, the parameter of viscosity between the particles and the wall bvis = 12:01. Parameter bvis in the SPH method has same function as a friction coefficient (e.g.  Manning’s friction coefficient ng) in conventional methods. More information about the SPH method are available in the literature (Violeau 2012; Liu and Liu 2003).
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Razlika DTM po floods

Figure 6. DTM changes, mostly caused by floods in summer 2014. The upper image shows DTM based on TLS survey in 2013, the second one DTM based on 2014 survey and the bottom one indicates changes in DTM, where green colour indicate loss and red accumulation of material

Cartographic presentations
Different cartographic presentations have been created for many purposes, to picture the situation for better general overview of test area (figures 6), for easier recognition of specific forms (figures 7) and, primarily, for presenting results of hydraulic analyses.
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Figure 7. Shaded DTM with (right) and without LWD (left)

Figure 8 shows the results of the flow rate modelling using hydraulic model Flo-2D. DTM, resampled to cell size of 10 cm was used, which allows considering the tree trunks, as part geometry torrential channel. 
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Figure 8. Modelled flow velocity of torrent Kuzlovec in the program Flo-2D: based on the DTM without tree trunks (left), DTM considering tree trunks (right).
For a shallow stream in a torrential river bed the value of Manning roughness coefficient 0.05 was used. The small size of computational cells causes an extension of computational time, in our case modelling an event, real-time lasting 6 hours and in which the peak of the flow rises to 100 l/s, needs 52 hours. The flow rates in both models (with and without considering tree trunks in the channel) were mostly below 2 m/s. The results of the modelling indicate visible impact of tree trunks on the dynamics of the flow velocity in the bed of the torrent. Tree trunks create dams and slowing the flow of water on the upstream side; while in the overflow over t he dams the water flow increases again (the flow rate in this case exceeds 3 m/s).
Figure 9 shows flow velocity in the short section of Kuzlovec torrent, modelled by model Tis ISAT. As we expected, modelling results without considering tree trunks show a slightly higher flow rates than the modelling results carried out on the topography with timbers. Even the flow of water due to the impact of tree trunks chose slightly different path.
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Figure 9. Modelled flow velocity of torrent Kuzlovec using program Tis ISAT:  based on the DTM without tree trunks (left), DTM considering tree trunks (right).
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A significant part of torrents in Slovenia and other countries with comparable forest cover takes place in the areas where dead wood (fallen trees due to various abiotic phenomena such as avalanche, breakage, ice-storm, coarse woody debris that remain in the forest due to forest disturbance and the when they are not removed after forest works) quickly ends up in the trenches of erosion and flood channels. This occurs profession question of how dead wood as part of torrential channel affects the flow conditions in the river. To analyse the impact of dead wood we selected a small area of torrential Kuzlovec Gradaščica in the basin (south-west of Ljubljana) and performed field measurements before the big ice storm in February 2014 and heavy floods in August 2014 and after both events. In this paper some possible results and analyses of huge amount of data, captured with terrestrial laser scanning technology.
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