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Abstract. Channel bed roughness principally controls flow resistance in gravel bed 'rivers. Direct measure-
ment of streambed surface roughness however remains a difficult problem in fluvial geomorphology. The
conventional methods for measuring bed roughness often require an exact knowledge of grain size distri-
butions throughout a given stream reach and thus rigorous grain size analysis. This may be impractical for
large catchments, and systems containing a large degree of form roughness. Sutface characterization using
terrestrial laser scanning (TLS) addresses these problems. The ultimate goal of this research is to improve
upon the methods for roughness length determination in gravel-bed rivers using TLS. To this end, two
ptinciple methodological considerations were examined. 1.) The influence of the number of scan positions
on roughness calculation. 2.) The influence of grid-cell size ontoughness calculation during post-processing.
Scan data were furthermore compared to sediment samples to relate TLS-data to conventional roughness
calculation methods. Several test sites in the Reintal valley, Bavatia, Germany were scanned from multiple
otientations. The results from these expetiments show that despite minor particle shading, roughness length
determination does not depend significantly‘on the number of scan otientations used. However, tesults
cleatly show that roughness length determination depends highly on the choice of grid cell size during post
processing. This study sup, the use of TLS as the most approptiate and versatile method for roughness
analysis in gravel bed river:
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1 Introduction

Frictional resistance is a highly variable factor in natural channels as it depends on both the flow
conditions (e.g., discharge, Reynolds Number, Froude Number) as well as channel boundary con-
ditions (e.g., bed roughness and cross-sectional geometry). Streambed roughness exerts a domi-
nant control on flow resistance and thus widely influences water stage, local velocity and sediment
transport. Many previous studie: focused on the relationship between streambed roughness
and. flow resistance. Nikuradse’%ﬂnal work in pipe flow (NIKURADSE 1933) experimentally
showed the direct influence of roughness on flow conditions. GoMEZ (1993) and SMART et al.
(2004) dealt with the measurement of surface roughness in coarse grained channels. HEy (1979),
LeE & FrerGusoN (2002), ABERLE & SMART (2003), ComrTI et al. (2009) and RoBeRT (2011) concen-
trated on bed-surface structure and its influence on flow resistance. Despite the amount of atten-
tion directed toward flow resistance in natural channels and the importance of this for flood risk
management and hydrogeomorphological modeling there is still a lack of detailed understanding
on the interactions between bed roughness and river flow.
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In mountain streams flow tresistance is primatily generated by channel bed toughness (HEY
1979, MONTGOMERY & BUFFINGTON 1997). In general, bed roughness is divided into grain rough-
ness and form roughness (REID & Hickin 2008). Grain roughness is determined by the surface
grain size distribution and by the protrusion of particles into the flow (HERITAGE & MiLAN 2009,
RoBerT 2011). Form roughness may be caused by several features such as transverse ribs, gravel
bars and step-pool-sequences (VAN RN 1984, SMART et al. 2004) or large organic debris (EITEL=
MANN & MORCHE 2011).

Usually, bed roughness calculation utilizes a specific percentile (e.g., Dy, Dg,) of the grain-size
distribution (Bover 1954, BATHURST 1985, GoMEZ 1993, LEE & FERGUsON 2002). This approach
inevitably contains complications (see HERITAGE & MiLAN 2009). For example;, particle protru-
sion and grain packing are not considered. In addition, experimental studies (e.g., BATHURST 1985,
GoMEz 1993) have shown bed roughness to be dominantly determined by the shortest principle
axis. This suggests, roughness determination via the grain size and thus via the intermediate axis
may be inappropriate. More promising methods in determining the roughness are the random
field approach in combination with terrestrial laser scanning. The random field approach (FurBIsH
1987, NIKORA et al. 1998) is a method that can be used to calculate bed roughness. When utilizing
this method, the study sit=—yonsidered as a field of randomly distributed heights (z) each associ-
ated with a position (x, y). approach has advantages, such as quantifying the in situ roughness
height including partial burial, grain packing and patticle imbrication. The application of TLS to
create high resolution topographic data has been increasingly used recently for channel morphol-
ogy research (HERITAGE & HETHERINGTON 2005, 2007, MILAN et al. 2007, HERITAGE & MILAN
2009, HoDGE et al. 2009, PIGNATELLI etal: 2010) and has enhanced quantification techniques like
the random field approach. However, the use of laser scanning data to quantify bed surface rough-
ness has led to new methodological problems. Parts of the channel surface situated behind a large
obstacle cannot be sutveyed. This is known as the “shading effect”. This m requires the
study site to be scanned from different angles in order to produce a complete age of the sur-
face. The first goal of this study is to determine the minimum number of scan positions required
to accurately charactetize the channel bed roughness.

For surface roughness calculation, the study site is divided into an orthogonal grid with cell
sizes defined by the largest particle in the a (HERITAGE & MirLaN 2009). This requires
sediment sampling and leads to additional laEIcensive field wotk. In an effort to avoid this,
this study further assesses the importance of grid cell size on bed roughness calculation. For this
reason, sediment samples were collected from scanned areas. Finally, these samples were also used
to compare TLS-derived surface topography to conventional methods for roughness calculation.

The ultimate goal of this research is to enhance the application of TLS data for the calcula-
tion of bed surface roughness of a coarse grained alpine river. Two study sites in the Reintal valley,
Bavaria, Germany were chosen for analysis — one for each examined methodological consideration
outlined above.

2 Study area

The investigation area is situated in the Reintal valley located in the northern limestone Alps
(Wettersteingebirge) Bavaria, Germany (Fig. 1). Recently, the Reintal valley was intensely inves-
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Fig. 1. Location of the study area Reintal valley (the black triangle marks the gauging station Bockhuette,
VBG = Vordere Blaue Gumpe, the white box marks the area were the two study sites are located); coordinate
system: Germany (zone 4), transverse metcator projection: (background: © Landesamt fiir Vermessung und
Geoinformation Bayern permission to use and publication from 28 July 2004, reference number: VM3831B-
oN/2600).

tigated in several geomotphological research projects with a focus on the function and coupling
of sediment sources and stores as well as the sediment transfer in an alpine sediment cascade
(among others ScHMIDT & MoRrcHE 2006, ScHROTT et al. 2006, HECKMANN et al. 2008, BIMBOSE et
al. 2011, HECKMANN ET al. 2012, KRAUTBLATIER et al. 2012). A detailed geomorphological descrip-
tion of the Reintal valley can be found in Go1Zz & ScHrROTT (2010). The valley is drained by the
Partnach River, a ttibutary of the Loisach River. At the gauging station Bockhuette the Partnach
River drains 27 km®. Two large historic landslides dammed the Partnach River creating two small
lakes (Vordere Blaue Gumpe and Hintere Blaue Gumpe) and divided the valley into several sub-
catchments (MORCHE et al. 2006, Sass et al. 2007). After each ablation period the lakes run dry
and the Partnach River flowed subterranean and came to the surface again at the karst spring
“Sieben Spriinge” (Fig. 1). The lakes were subsequently filled with sediments and large alluvial
plains developed. The grain size characteristics of the Vordere Blaue Gumpe (VBG) plain were
investigated by MoRCHE & ScHMIDT (2005). They determined a Dg, of 40 mm (coarse gravel) for
the surface patticles. During a 6-year (2000—2005) geodetic survey MORCHE et al. (2006) measured
the annual lake infill by bed load of the Partnach River. Between 2000 and 2004 the mean an-
nual bed load transport in the Gumpe subcatchment was about 950 t. This value is more than one
magnitude higher than the bed load export out of the Reintal valley at gauging station Bockhuette
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Fig. 2. Location of the two study sites in the Reintal valley. The white boxes mark the different study sites. in-
set a) study site Gumpe with 6 test sites; the uppet left photograph shows test site 3; inset b) study site Sieben
Spriinge, lower right photograph: riffle-pool sequence and fluvial terraces at study site Sieben Spriinge.

in the same observation petiod (SCHMIDT & MORCHE 2006, MORCHE et al. 2008) showing the high
geomorphic connectivity of the slope system to the fluvial system in terms of coarse sediment flux
in the Gumpe area.

The Vordere Blaue Gumpe landslide dam failed between 22—23.08.2005 during heavy rain.
The sudden lake outflow caused a flood wave. As a result, a large amount of sediment (approx.
100,000 t) was tmobilized in the downstteam channel reach of the Partnach River (MORCHE et al.
2007). Since the dam failed, the VBG alluvial plain has been intimately coupled to the Partnach
River in terms of sediment input and temporary storage (MORCHE et al. 2006, MORCHE & SCHMIDT
2012). In the first years after the dambreak flood the river load dominance was shifted from dis-
solved load to bed load (MoRCHE & ScHMIDT 2012). BIMBOSE et al. (2011) have surveyed the alluvial
plain of the Gumpe by terrestrial laser scanning in 2008 and 2009. They could quantify the net
sediment expott out of the Gumpe area, 438 m> in 2008 and 229 tween 2008 and 2009.

Two study sites were chosen within the Reintal valley (Fig. 2)~ymc’first study site (Fig. 2, inset
a) was selected to assess the influence of the number of scans on roughness calculation. It is located
on the alluvial plain of the VBG and six test sites were investigated in greater detail (see below).

The second study site (study site Sieben Spriinge, Fig. 2, inset b) is located in a channel reach
600 m downstream of the study site Gumpe. This area was heavily affected by the August 2005


Geo
Notiz
space character


Roughness determination of coarse grained alpine river bed surfaces 5

flood as large fluvial terraces (up to several meters) wete deposited there (see also Fig. 8 in MORCHE
etal. 2007). This site was chosen to address the issue concerning grid cell size for roughness length
calculation.

3 Methods

Particle samples (n=100) from each test site were taken randomly to compare with scannet-de-
rived data. Two methods of sampling were used. The sampling frame method (BUNTE & ABT2001)
was used for the six test sites at the VBG (study site Gumpe, Fig. 2, inset a). The sampling frame
was divided into nine equal grid cells. From each cell, 11 particles were sampled-with the final
particle chosen from a random grid cell. For study site Sieben Spriinge (Fig. 2, inset b), the classic
line-by-number method was used (WoLMAN 1954). The three axes (longest =/a-, intermediate = b-,
shortest = c-axis) of each particle were determined using a ruler. Particle samples were then used
to determine the grain-size distribution including the characteristic grain sizes Dy, and Dg,. Ad-
ditionally, Cumulative Distribution Functions (CDF) from the shortest axis (c-axis) were cteated
grouping values in 5 percent intervals. These data were used to compare conventional sampling
methods with the scanner-derived data (HERITAGE & MILAN2009).

At study site Gumpe, six 1 X 1 m test sites were selected to analyse surface roughness using
terrestrial laser scanner data. To avoid particle shadingeach test site was scanned from five differ-
ent positions. The mean distance between test site and laset'scanner was 5.45 m. This distance was
chosen for two teasons: first, a minimum distance of three meters must be maintained between
laser scanner and scanned object (OPTECH2012). Second, the beam divergence and point spacing
increase with distance causing resolution problems. For example, the point spacing of the ILRIS-
3¢D is about 1.8 mm at a distance of 100 m and the corresponding beam diameter is about 29 mm.
This leads to a partial overlap of the laser beam, resulting in an error in the returning signal (PEsc1
et al. 2011). For RIS-3¢(D scanner used in this study, beap=—iyergence is calculated after
Pescr et al. (2011). pae’point spacing for all scans of the test sites \w%etween 1.9-2.7 mm and the
corresponding footprint at the target was between 12.78—13.06 mm.

For study site Sieben Spriinge a larger river reach was scanned. Contrary to study site Gumpe,
this site was recorded from only one position due to its inaccessibility from other locations. To
minimize the shading effect the laser scanner was positioned at approximately 5m above bed
surface. Study site Sieben Spriinge was scanned with a point spacing of 12.52 mm at a distance of
approximately 31 m. The footprint at the target was 17.32 mm. For all scans the last pulse mode
was chosen to eliminate extraneous data points ensuring that only points from the ground surface
were recorded.

After obtaining raw data, all scans were converted to the PolyWorks file format for data pro-
cessing. Raw scan data were then internally referenced using a minimum of three manually selected
common points. An Iterative Closest Point (ICP) algorithm implemented in PolyWorks (Best-fit
Alignment & Comparison) was then applied to merge the point clouds automatically. For a de-
tailed discussion on the merging procedure see BUCKLEY et al. (2009), CoNFORTI et al. (2005), PEsct
et al. (2007) and RABATEL et al. (2008). For each test site, multiple point cloud metging combina-
tions (10 in total) were constructed from the original five scans. Each individual scan was used to
generate a corresponding data set (Iscan_a, 1scan_b, 1scan_c, 1scan_d and 1scan_e). Additionally,
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Fig. 3. Histogram pane and statistics of the metging ptocedute of two scans from Gumpe test site 3.

two data sets wete cteated by merging spatially opposed scans (2scans_a, 2scans_b). Finally, data
sets consisting of three (3scans), four (4scans) and five (5scans) merged scans were generated. The
standard deviation of the merging error was very different for the several test sites. For Gumpe test
site 2, the standard deviation of the merging error was 5.5 mm to 6.1 mm. At Gumpe test site 1 the
value was between 10 mm and 11.4 mm. The range'of the standard deviation for Gumpe test site
6 is between 12mm and 14.6 mm. The standatd deviation for the remaining test sites is between
7.8 mm and 9.6 mm. A histogram pane of the merging error of Gumpe test site 3 is shown in Fig. 3.

These data were imported into the PolyWorks Software IMInspect for further analysis. To
reduce the impact of slope on roughness calculation, @oint clouds were projected onto a simple
plane. The data were further cropped to fit a 1 m? areus
exported to ASCII files for further interpretation.

The data-processing procedure for study site Sieben Spriinge was nearly the same. Due to the
large size of the studysite (about 90 m in width), multiple scan windows were merged together us-
ing PolyWorks (Best-fit Alignment & Compatison). The standard deviation of the merging error
ranged between19.2mm and 20.8 mm.

or consistency. Finally, all data sets were

To reduce slope effects on surface roughness calculation, a grid for every study site was cre-
ated (HERITAGE & Miran 2009). For the first study site, the grid size was defined by the largest
particle collected. For study site Sieben Spriinge the data were regridded at 0.1 m, 0.5m and 1m
cell'sizes producing three data sets. Subsequently, the point cloud data were assigned to the grid
cell in which they were located.

The mean height and standard deviation were calculated for every grid cell. The first standard
deviation is equivalent to the effective roughness height (h,) (HERITAGE & MILAN 2009). Subse-
quently, the mean and median values of the effective roughness heights were calculated for all data
sets. The standard deviation between these mean values was used to show differences between the
data sets (Table 1). From flume experiments, GoMEz (1993) found that typically the longest axis
(a-axis) of particles is otientated orthogonal to the flow direction, the intermediate axis (b-axis) is
parallel to the flow and the shortest axis (c-axis) is perpendicular to the channel bed. Therefore,
the c-axis may be the most important for surface roughness determination. HERITAGE & MILAN
(2009) further supposed that the c-axis was roughly twice the standard deviation of mean height
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values. For this reason, the h, values were multiplied by a factor of two and compared with c-axis
values from collected samples (Table 2). Several large boulders located at study site Sieben Spriinge
could not be measured during field work due to size and partial burial. In contrast, these boulders
were included in the TLS derived data. Thus, in order to appropriately compare study site Sieben
Spriinge and eliminate biasing due to large particles, 2 h, outliers exceeding the 992 percentile
were not considered in the regression analysis (see below).

4  Resulis

4.1 Sediment samples

The graj e distributions of the two study sites are displayed in Fig. 4. Study site Gumpe con-
sisted ogj% gravels ranging from 8 mm to 64 mm which is well in accordance with'a previous
study by MORCHE & ScHMIDT (2005). At all study sites the percentage of fine gravel was very small.
The characteristic grain sizes Dyy and Dy, of Gumpe test sites 1 and 6 were larger than at the other
test sites (Fig. 4). The finest particles were located at Gumpe test site 2. The sediments at study site
Sieben Spriinge were similar to study site Gumpe, although the Dy, at this site was twice as high
(Fig. 4).

4.2 TLS-derived data

For all study sites the calculated mean values of h, werelarger than the median values. As a tesult,
the roughness values exhibit a right-skewed distribution. For this reason, the median h, value was
used to quantify the average surface roughness. Fig. 5 shows all roughness grids for the “5scans”
data set at study site Gumpe. Differences in grid cell size result from varying grain size distribu-
tions.

All data sets created within a given test site at study site Gumpe show similar results (Table 1).
The median h, values from different data sets at test site 1 are not significantly different as all scans

100
= Test Site 1

80 = =Test Site 2 e 1
===aTast Site 3
80 | . TestSad 7757
70 | ~TestSite5 A Py
TestSite 6 777
60 ====Study Site Sieben Springe . .

50 Dy [mm] Dy, [mm]

Study Site Gumpe

cumulative frequency [%]

40 Test Site 1 235 35
Test Site 2 13 2016
30 Test Site 3 185 24.16
Test Site 4 18 22
20 Test Site 5 19 28.16
TestSite 6 25 34,18
10 | Study Site
0 .. j: Sieben Sprilnge | 64.84
4 8 16 32 64 128

grain size classes [mm]

Fig. 4. Cumulative grain size distributions and characteristic grain sizes (Dsy, Dy,) for both study sites.
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Grid cell size vaties due to chang the largest clast size.

1Scan_a

} 1Scan_b 7.5 31 8.0 5.4 8.2 5.7
1Scan_c 7.2 3.1 7.9 5.6 7.8 5.5
1Scan_d 7.5 2.9 8.0 5.3 7.9 5.7
1Scan_e 71 2.7 8.0 5.0 7.9 5.6
2Scans_a 8.4 3.0 8.0 5.6 8.1 6.2
2Scans_b 7.7 34 8.3 5.5 8.3 5.9
3Scans 8.3 4.2 8.0 5.6 8.2 6.1
4Scans 8.1 33 7.9 5.7 8.2 6.1
5Scans 8.2 4.0 8.0 5.7 8.3 6.2
STD 0.5 0.5 0.1 0.2 0.2 0.3
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Fig. 6. Grids for, ce data sets with different cell sizes from study site Sieben Spriinge (h, = effective
roughness heigh

were within the range accuracy of the scanner. This result suggests that despite particle shading,
the number of scans used to calculate surface roughness is relatively unimportant.

Study site Sieben Spriinge was chosen to analyse the influence of the grid cell size on the cal-
culation of surface roughness heigth. The river obstructed the laser reducing data coverage at this
site. Obstructed areas were acounted for in post-processing by increasing the grid cell size thus
increasing the probability of at least two points lying within each individual grid cell. This how-
evet, leads to roughness calculation errors as h, values systematically increase with increased grid
cell size (Fig. 6). For small grid cell sizes, the range in elevations contained within a single cell may
not accurately reflect the true roughness length at the test site. As a result h, values systematically
decrease with a reduction in grid cell size. The median values of h, for all three data sets show sub-
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Table 2. Characteristic data of the linear regression of study site Gumpe (m = regression coefficient, r = cor-
relation coefficient).

Test Site 1 Test Site 2 Test Site 3 Test Site 4 Test Site 5 Test Site 6

m t m t m t m t m t m t

1Scan_a 134 | 0982 | 259 |0.996 | 1.49 | 0961 | 1.02 | 0977 | 1.72 | 0.985 | 1.37 4 0.992
1Scan_b 1.26 | 0982 | 1.61 | 0.984 | 1.43 | 0968 | 1.20 | 0993 | 1.35 | 0.991 | 1.35 | 0.993
1Scan_c 1.19 | 0959 | 1.57 | 0.967 | 1.42 | 0.995 | 1.47 | 0988 | 1.82 | 0.982 | 1.36.| 0.997
1Scan_d 146 | 0974 | 223 | 0.990 | 1.64 | 0.994 | 1.38 | 0986 | 1.48 | 0.994 | 1.50.. | 0.991
1Scan_e 141 10992 | 299 | 0.994 | 1.34 | 0.972 | 0.97 | 0969 | 1.41 | 0.998 |/ 1.44 | 0.997
2Scans_a | 1.5 0988 | 1.71 | 0961 | 1.58 | 0.991 | 1.20 | 0.974 | 1.86 | 0.987 | 1.42 | 0.994
2Scans b | 1.55 | 0.98 1.76 | 0990 | 1.47 | 0983 | 1.23 | 0991 | 1.41 | 0.996 | 1.39 | 0.996
3Scans 1.56 | 0975 | 1.21 | 0.977 | 1.35 | 0.990 | 1.15 | 0.984 | 1.65 | 0.996 | 1.38 | 0.997
4Scans 145 | 0.956 | 1.85 | 0.986 | 1.67 | 0.994 | 1.10 | 0.964 | 1.78 | 0.997 |~ 1.39 | 0.997
5Scans 1.52 | 0.976 | 1.50 | 0.980 | 1.65 | 0.992 | 1.30 | 0.981 | 1.56 | 0.996 | 1.40 | 0.996

data set

stantial differences (Fig. 6). The h, value for the 0.1 m cell size is 20.3mm, the value for the 0.5m
cell size is 47.9 mm and for the largest cell size of 1 m the h, value is 69.9mm. It is clear that there
are significant differences between the roughness values for all data sets indicating that roughness
calculation is highly dependent on grid cell size.

4.3 Comparison between TLS-derived data and the particle sampling method

A linear regression function was used to compare c-axis percent classes and 2h, values for the
TLS-derived data and the collected particle samples. The restd%gom study site Gumpe are listed

in Table 2. For all data sets, the cotrelation is very good (e.g' .991), indicating a strong linear

relationship between the c-axis and 2h, cl This is confirmed by a very high significance of
the regression model (p=0.0001). For Tes 5 and 6 the c-axis is represented very well by the
las nning data.

ificant differences in h, values can be identified by comparing the data sets from each
test site. The slope of the regression function (regression coefficient m) and the coefficient of
determination (R?) were used to compare the c-axis of sampled particles and scanner-derived 2h,
data. The high'value of R? shows that the linear relationship between 2h, and the c-axis is very
strong. Furthermore, the slope of the regression shows that there is no 1:1 relationship between
both vatiables. For this reason, it can be said that TLS-data is more appropriate for representing
sutface roughness. For all test sites (excluding site 2), sufficient results were found for the data sets
containing only one scan suggesting that the determination of the surface roughness is possible
using only one scan.

At study site Sieben Spriinge both variables (c-axis and 2h,) were compared for each data set.
With increasing cell size the measured values of the c-axis are better predicted by the regression
function (Fig. 7). The R? value increases from 96 % (cell size 0.1 m) to 99.27 % (cell size 1 m) and
the slope of the regressio tion decreases. For all three cell sizes the linear relationship be-
tween c-axis and 2h, is strla= 0.0001). However, the slope of the regression function is much
less than one (m=0.15-0.35) suggesting that there is no 1:1 relationship between c-axis and 2h,.
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Fig. 7. Compatison between TLS-detived data (x-axis) and the particle c-axis values (y-axis) for study site
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Sieben Spriinge (Outliers are not taken into account for the regression function).

5  Discussion

For the grain size distribution at study site Gumpe; channel bed roughness quantification by TLS
is not dependent on the number of scans made. This conclusion is drawn from the minimal devia-
tions in h, values calculated for the ten data sets from each test site (Table 1). In all cases, good
correlation was found between TLS data and sediment samples deviation. However, measured
and calculated data were found to diverge for small and large values (Fig. 8). The reason for this
is that exceptionally small and large particles are not measured while using conventional sampling
methods (WoLMaN 1954, Buntk & ABT 2001). The laser scanner does not have this problem as it

recotds all particles from a given surface.
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Fig. 8. Comparison between TLS-derived data (x-axis) and the particle c-axis values (y-axis) for test site 1
(data set “Sscans”) of study site Gumpe.
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The deviations between the h, values of the different data sets may arise for a variety of rea-
sons. Various systematic errors can occur while scanning. One of these errors is caused by the
positt inaccuracy of the laser scanner. According to OpTECH (2012) the positional inaccuracy
incrL%Jl 8 mm per 100 m. Other systematic e ay occur in post-processing during the merg-
ing process (Fig. 3). PescI et al. (2011) suggest another soutce of error arises from the similarity
between user-selected point spacing and the beam diameter (ca. 12 mm) because the resolution of
a scan must always lie between these two values. Small differences between the data sets‘can also
be caused by the different scanning positions. From certain (azimuthal) directions patticles are
visible which cannot be seen from other positions due to particle shading. In addition, the angle of
incidence will also alter the extent of burial or imbrication seen by the scannet.

The influence of the grid cell size on roughness calculation was assessed at study site Sieben
Spriinge. The smaller the chosen grid edge length is, the smaller the area coveted by a single grid
cell. With increasing cell size the number of points within a cell tises. Fot this reason, the differ-
ence in height between those points is larger than the difference for smaller grid cell sizes. In this
situation, the calculated roughness values are also higher. With increasing cell size the R? value for
the linear regression also increases. This suggests a dependency on grid cell size. The grid cell size
in turn depends on the grain size distribution in the scan atea. Thus, grid cell size selection must
be optimized for grain size distribution. The slope of the regression is significantly below one for
all data sets. That is because the larger particleslocated on this study site were not measured by
particle sampling. In addition, a pootly chosen cell sizeé may account for this error made during
sampling (WoLMAN 1954, BuniE & ABT 2001).

6 Conclusions

In this study we investigated%lther the application of TLS is suitable for the determination of
channel bed roughness in‘an alpine river bed. This study specifically examined how different pa-
rameters (number of scans, grid cell size) influence this method of roughness calculation.

Unlike methods based on particle sampling, TLS-detived data allow the calculation of surface
roughness for an'entire area and not just for individual ents. Using traditional approaches,
roughness is determined via characteristic grain size (e.g\ Dyg,). The c-axis is considered as one
of the dominant contributors to the actual roughness height (NIKORA et al. 1998). For this reason
methods based on the grain size produce unrealistic results. In addition, particles in the channel
bed are often covered by other particles or butied in finer sediments. This results in a systematic
error if the particles are removed by hand during sampling. Terrestrial laser scanners detect the
actual heights of the channel bed and consider the orientation of particles.

An important consi jon w. ing TLS is the number of scans needed to prevent shad-
owing effects. OQur resui%:j
generated from data sets containing one, ot up ti individual scans. Additionally, the compari-
son of the TLS data with sediment samples shrﬁ%ji that there is only little discrepancy between
the different data sets within a single test site. For this reason, one recorded scan is sufficient to

ow theycare no significant differences in average roughness values

determine bed roughness.
The results of study site Sieben Spriinge show a connection between calculated grain rough-
ness and grid cell size. The roughness values increase with cell size. This leads to large deviations
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from the sampled c-axis values. In addition, the coefficient of determination found by regression
analysis on 2h, and c-axis data increases with cell size. Thus, we conclude that the determination
of bed surface roughness is highly dependent on the grid cell size.

This study has enhanced our understanding of the methods for roughness determination via
terrestrial laser scanning. Roughness determination via TLS data does not depend significantly on
the number of scans. In contrast, the calculation of surface roughness depends heavily on the grid
cell size chosen during post processing.
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