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Surface roughness is thought to affect concentrated flow erosion – a major mechanism of soil loss on
disturbed rangelands. However, quantifying surface roughness in the field at appropriately fine spatial scales
is laborious and the scale at which to conduct meaningful roughness measurements is difficult to discern.
Rapid, objective, and repeatable field methods are therefore needed to accurately measure surface roughness
across a range of spatial scales to advance our understanding and modeling of concentrated flow erosion
processes. Surface roughness can be derived from surface topography mapped at the sub-cm level using a
field-portable terrestrial laser scanner (TLS). To test the suitability of terrestrial laser scanning for studying
surface roughness effects on erosion processes in rangelands, we used concentrated flow simulation
techniques at 8.5 m2 plots that were randomly placed at rangeland sites in southeastern Oregon and
southwestern Idaho, USA. Local surface roughness (locRMSH) was calculated as the standard deviation of TLS
mapped surface heights within moving windows varying in size from 30×30 to 90×90 mm. The mean
locRMSH of the eroded area and entire plot were negatively correlated (r2>0.71, RMSE<95.97 g min−1, and
r2>0.74, RMSE<90.07 g min−1, respectively) with concentrated flow erosion. The strength of the locRMSH–

erosion relationship and regression model parameters were affected by the moving window size,
emphasizing the scale dependence of the locRMSH–erosion relationship. Adjusting locRMSH for slope effects
decreased the strength of the locRMSH–erosion relationship from r2<0.83 to<0.26. Our results indicate that
TLS is a useful tool to enhance our current understanding of the effect of surface roughness on overland flow
erosion processes and advance hydrologic and erosion model parameter development. Further research is
needed to evaluate the locRMSH – concentrated flow erosion relationship over a wider range of soil
properties, surface conditions, and spatial extents.
for Environmental Dynamics,
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1. Introduction

Concentrated flow erosion is a major mechanism of soil loss in
rangeland ecosystems (Loch, 1979; Pierson et al., 2007, 2008, 2009).
Microtopographic variation in soil surface elevation, quantified as
surface roughness, affects concentrated flow path formation and
erosion (Abrahams and Parsons, 1990; Gómez and Nearing, 2005;
Helming et al., 1998; Römkens et al., 2001). Surface roughness
positively affects infiltration rates and surface depressional storage
which delay runoff generation and reduce erosion until depressions
are filled with water (Cogo et al., 1984; Darboux and Huang, 2005;
Gómez and Nearing, 2005; Onstad, 1984). It further has been thought
that increasing surface roughness reduces soil erosion by increasing
hydraulic resistance and dissipating the energy of flow (Abrahams
and Parsons, 1991; Einstein and Barbarossa, 1951; Farres, 1978;
Römkens and Wang, 1987).

Commonly used soil erosionmodels, such as the Revised Universal
Soil Loss Equation (RUSLE) (Renard et al., 1997) and the Water
Erosion Prediction Project (WEPP) (Nearing et al., 1989; Flanagan and
Nearing, 1995) employ a surface roughness term in their modeling
algorithm. However, the use of surface roughness as a predictor
variable is confounded by the fact that surface roughness measures
are often not standardized (Huang and Bradford, 1992; Shepard et al.,
2001). The standardization of surface roughness is important since
surface roughness is scale dependent; e.g. microtopographic variation
tends to increase if the area of interest increases (Haubrock et al.,
2009; Huang and Bradford, 1990). Form roughness caused by
vegetation mounds or small topographic rises over scales of several
to tens of meters (coarse scales) influences flow direction and
concentration (Emmett, 1970) whereas grain or skin roughness at
fine scales imparts resistance to flow specifically where it occurs
(Abrahams and Parsons, 1991). Hence, surface roughness measured at
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one scale is not easily comparable to surface roughness measured at
another scale. Furthermore, accuracy of the surface roughness
measures varies with methodologies employed for its quantification
(Darboux and Huang, 2005; Gómez and Nearing, 2005; Pierson et al.,
2007; Römkens et al., 2001).

Profile meters, roller chain, and survey transit measurements have
traditionally been used to quantify surface roughness in the field
(Curtis and Cole, 1972; Govers et al., 2000; Saleh, 1993). However,
these ‘direct contact’ techniques suffer from several disadvantages:
they are tedious and laborious, have poor spatial resolution, and may
mask the process of interest by altering the original soil surface (Jester
and Klik, 2005). These drawbacks potentially lead to inadequate data
quality that may adversely affect the suitability of surface roughness
to predict concentrated flow erosion (Huang and Bradford, 1992;
Stroosnijder, 2005).

The use of digital photogrammetry, laser profile meters, or time of
flight terrestrial laser scanners (TLS) potentially present an efficient
and more accurate alternative to traditional measurement techniques
(Bertuzzi et al., 1990; Haubrock et al., 2009; Hodge et al., 2009a;
Hodge et al., 2009b; Huang and Bradford, 1990; Smith et al., 2010;
Welch et al., 1984). These ‘non-contact’ measurement techniques
allow continuous mapping of fine scale topography at the sub-cm
level without altering the surface of interest. Recent research suggests
that laser profile meters and TLS datamay capture very fine scale (mm
level) variation in soil surface elevation in more detail than digital
photogrammetry (Aguilar et al., 2009; Jester and Klik, 2005). The
disadvantage of the profile meter is their limited field portability and
the fact that the surface area that can be scanned at one time is limited
to the small size (usually 1 or 4 m2) of the horizontal frame with a
carriage that moves the laser profiler over the area of interest
(Bertuzzi et al., 1990; Huang and Bradford, 1990; McCarroll and Nesje,
1996). Time-of-flight TLS are field portable and easily scan surface
areas that are 100 m2 or larger. This novel technology might thus
provide unprecedented insights that could allow better understand-
ing of roughness effects on concentrated flow erosion processes in
field settings (e.g. areas larger than 4 m2 and/or steep slopes with
difficult access) that were previously difficult or impossible to study
with laser profile meters. The time-of-flight TLS relies on distance
measurements that are obtained by measuring the time of flight (t)
of a laser pulse incident on a survey point to the sensor and
electronically measured angles (azimuth and zenith) to calculate the
x,y, and z location of up to several thousand survey points per second
using trigonometric principles.

The overall goal of this study was to test the field-suitability of
terrestrial laser scanning for studying surface roughness effects on in-
situ concentrated flow erosion from moderately sloping, semi-arid
rangeland plant communities in the Great Basin, USA. To reach this
overall goal, the specific objectives of this study were: (1) to evaluate
and investigate relationships between measured concentrated flow
erosion and TLS derived surface roughness at different surface
roughness scales and (2) to compare the results to relationships
shown between measured concentrated flow erosion and manually
derived surface roughness.

2. Materials and methods

2.1. Study sites

Experiments were conducted in a recently burned sagebrush
(Artemisia spp.) steppe community (Boise Front site) and in cut and
uncut portions of a western juniper (Juniperous occidentalis spp.
occidentalis Hook.) woodland (Steens site). The Boise Front study site
(116°18′E, 43°42′N) is located in foothills of the Boise Front Range,
near Boise, Idaho, USA. Elevation of the site is approximately 780 m.
Winter months at the site are mild and summers are warm and dry.
Average annual precipitation measures approximately 300 mm, and
mean annual air temperature is approximately 10 °C. Soils range from
loamy to sandy loam. Study plots were randomly located on a west-
facing burned (four months post-fire), gently sloping (17–20° slope)
hillslope within a sagebrush-steppe plant community and were void
of vegetation at the time of study due to the fire. Pre-fire vegetation
included Artemisia tridentata Nutt., P. secunda, Aristida purpurea Nutt.,
and B. tectorum.

The Steens site (118°36′ E, 42°55′N) is located on SteensMountain
in southeast Oregon, USA. Elevation of the site is approximately
1575 m and hillslopes are west facing with 10–13° slope. Climate is
cool and moist during winter and spring months and warm and dry
during summer. Average annual air temperature and precipitation at
the site are approximately 8 °C and 350 mm. Soils are derived from
volcanic rock and are loamy. Study plots at the Steens site were
randomly located within a juniper woodland and within two areas
immediately adjacent to the woodland in which trees had been
removed by cutting 10 and 18 years previously. Understory vegeta-
tion is sparse (>80% bare ground and rock) in the woodland due to
competition with juniper. Tree density in the woodland is approxi-
mately 300 trees per hectare (Pierson et al., 2007). The understory
vegetation in the cut woodland plots is dominated by perennial
(Elymus elymoides [Raf.], Achnatherum thurberianum [Piper] Bark-
worth, Poa secunda J. Presl) and annual grasses (Bromus tectorum L.).
A more detailed description of the site can be found in Pierson et al.
(2007).

2.2. Manual field measurements

2.2.1. Plot installation and characterization
Plots with a total area of 8.5 m2 (4.25 m long×2 m wide) were

installed oriented with the long axis perpendicular to the predom-
inant hillslope contour (Pierson et al., 2007, 2008, 2009). Sheet-metal
flow collection troughswere inserted approximately 5 cm into the soil
profile in a “V” pattern pointing downslope towards the runoff
collection point (trough apex) (Pierson et al., 2009). Collection trough
intersections were sealed using a mixture of native soil and cement-
sealer to prevent inflow and outflow of water, to prevent under-
cutting, and to minimize artificial disturbance. The upslope (top) and
side (parallel to long axis) borders of the plots were unbounded.

Surface roughness and ground cover were measured on each plot.
Ground cover was estimated using line-point intercept procedures
(Herrick et al., 2005). Cover type and presence were recorded for 24
points with 20 cm spacing, along each of 9 evenly spaced (20 cm
apart, perpendicular to hillslope contour) transects 4.6 m in length
(216 total points, Herrick et al., 2005). Surface topography of each plot
was characterized manually using standard survey transit and
leveling rod procedures (Benton and Taetz, 1991). The relative
ground-surface height at each sampling point was calculated as the
distance between the respective ground surface point and a level line
established by survey transit (Moffet et al., 2007; Pierson et al., 2007,
2009). The distance (elevation) between the ground surface and the
survey transit level line at a sample point was recorded as the
elevation reading (2.5 mm accuracy) on a survey leveling rod viewed
through the level survey transit adjacent (10–20 m) to the respective
plot. Care was taken to ensure the ground point of the leveling rod
was in contact, but not embedded into, the soil surface at each
sampling point. Surface roughness was estimated as the arithmetic
average of the standard deviations of the ground surface heights
across the 9 line-point transects sampled within each plot (Moffet
et al., 2007; Pierson et al., 2009).

2.2.2. Concentrated flow simulations
Computer-controlled flow regulators (Moffet et al., 2007; Pierson

et al., 2007, 2008, 2009) were used to apply concentrated flow rates of
15, 30, and 45 L min−1 to each plot. Each flow release rate on each
plot was applied for 12 min from the same release-point location, 4 m
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upslope of the collection trough apex. Release rate progression was
consecutive from 15 L min−1 to 45 L min−1. Flow samples were
collected at approximately 2-min intervals during each release rate.
Flow samples were weighed, oven-dried at 105 °C then re-weighed to
determine runoff rate and sediment concentration of runoff. Cumu-
lative runoff (mm) was calculated as the integration of runoff rates
over the total time of runoff. Cumulative sediment yield (g) was
calculated as the integrated sum of sediment collected during runoff.
Concentrated flow velocity was measured by releasing a concentrated
salt solution into the flow and using electrical conductivity probes to
track the mean transit time of the salt over a known flow path length
(Moffet et al., 2007; Pierson et al., 2009, 2010).

2.3. Terrestrial laser scanner

The time-of-flight, terrestrial laser scanner (TLS) used in this study
was the Leica ScanStation 2 (Leica Geosystems Inc., Heerbrugg,
Switzerland). The Leica ScanStation2 employs a pulsed green
(532 nm) laser with a beam diameter of 4 mm at a range of 0 to
50 m, a scan rate of 50,000 points s−1, a maximum sample density of
<1 mm, and a maximum range of 134 m at 18% albedo (http://hds.
leica-geosystems.com). Distance accuracy is quoted as 4 mm and
position accuracy as 6 mm, and the instrument returns one data point
per laser pulse. TLS instruments have been previously used to quantify
fine-scale vegetation properties (Clawges et al., 2007; Eitel et al., 2011;
Eitel et al., 2010) but relatively little is known about its suitability to
quantify soil surface properties for application to erosion studies.

2.4. TLS measurements

The vegetation was clipped approximately 3 cm above the surface
before scanning each plot to reduce shadowing effects in the TLS data.
Because the TLS is a one-return-per-pulse system, shadowing occurs
behind the first object struck by each individual TLS beam if the object
(e.g. vegetation) is situated above the ground surface. We ensured
that none of the clipped material fell into the plot and by working
from the plot edges it was possible to keep the plot surface
undisturbed. Each plot was scanned before and after the erosion
treatment from an up- and downslope scan position to minimize data
gaps from shadowing. Geostationary reflector targets (Leica Geosys-
tems Inc., Heerbrugg, Switzerland) were scanned from each scan
position and used in the translation and rotation algorithmwithin the
Cyclone software package (Version 7.0, Leica Geosystems Inc.,
Heerbrugg, Switzerland) to merge the two scans with their own
coordinate system into a single comprehensive point cloud. Registra-
tion errors between point cloud pairs were all below 2 mm. The laser
point spacing of the composite dataset was <2 mm (>25 points
cm−2). The scan duration was about 20 min per plot. The TLS points
were gridded onto an arbitrarily subdivided 10×10 mm and
100×100 mm regular grid Digital Terrain Model (DTM) using a
program written in the Interactive Data Language (IDL) software
package (Version 4.5, ITT Corp., New York, NY) (Fig. 1A and B). The z
value assigned to each grid cell of the DTM was the minimum z value
contained within the search radius (search radius=sqrt(2)/2*grid
resolution) from the center of the grid cell or, if there was no z value
within the search radius, linearly interpolated based on surrounding z
values. The rationale for assigning the minimum z-value within the
search radius to each grid cell was to decrease the likelihood that non-
surface returns were included in the analysis (Guarnieri et al., 2009).
Non-surface returns in this study were mainly caused by remains of
clipped vegetation or erroneous high points around grain edges
occurring when the laser beam is split on the edge of an object so that
the laser return is a mix of signals from two or more objects.

Based on the 10×10 mm before treatment DTM, the surface
roughness (subsequently termed local root-mean squared height,
locRMSH)was calculated for each cell location i by using four different
moving window sizes (30×30 mm, 50×50 mm, 70×70 mm, and
90×90 mm) (Haubrock et al., 2009) (Fig. 1D):

locRMSHi−ws =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
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where ws denotes the one-dimensional window size (e.g. 30, 50, 70,
and 90), Xf is the index of the first column, Xl is the index of the last
column, Yf is the index of the first row, Yl is the index of the last row, c
is the column index, r is the row index, z(xc,yr) is the height value in
millimeters at position xc,yr, and μ is the average height value within
the sliding window.

Local surface roughness was calculated for surfaces that were
adjusted (detrended surfaces) and not adjusted (undetrended
surfaces) for large scale slope components. Each surface was
detrended by subtracting an approximate DTM derived from low-
frequency changes in heights from the original DTM. The approximate
DTM was derived using the methodology outlined in Cobby et al.
(2001).

Following roughness calculations, a difference image was created
for each plot by differencing the before and after treatment DTMs. The
difference image was used to visually create an area of interest (AOI)
around the concentrated flow path area, which was then used to
extract the mean locRMSH within the flow path (Fig. 1C).

To determine the inherent surface roughness error associated with
TLS scanner used in this study, a flat (slope angle: 0°) and smooth
surface (surface area: 600×600 mm) was scanned and the surface
roughness was calculated as described above.

The slope angle of each grid cell location i (SAi) was derived from
the 100×100 mm DTM as follows (Wilson and Gallant, 2000):

SAi =
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where z(xc−1, yr) and z(xc+1, yr) are the height values to the left and
right of the center pixel z(xc, yr), respectively, z(xc, yr+1) and z(xc, yr−1)

are the height values above and below of the center pixel zx,
respectively, and d is the pixel size (10 mm in this study). The slope of
each plot was then calculated as the mean Si of the entire plot.

2.5. Statistical analysis

Simple linear regression was performed in version 2.9.1 of the
open-source software package R (R Development Core Team, 2009) to
examine the relationship between measured erosion and manual
measured surface roughness and as well as between sediment
measured erosion and TLS derived surface roughness. Regression
analysis involved both fitting linear and non-linear models. Goodness
of fit was evaluated based on the coefficient of simple determination
(r2) and root mean square error (RMSE).

3. Results and discussion

3.1. Surface characterization

Thevariation inplot treatments (burn, cut, anduntreatedwoodland)
provided a range of vegetation and ground surface conditions (Table 1)
to test the suitability of TLS derived surface roughness information
for predicting concentrated flow erosion. The ground surface at the
Boise Front site was void of rock cover and was >75% bare soil. At the
Steens site, bare soil and rock cover ranged from 22–82% and 3–25%
respectively on cut tree plots and were 50–74% and 21–43% on
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Fig. 1. Gridded plot surface A) before and B) after the erosion treatment, and resulting C) difference and D) roughness image of plot 9. Height measurements in A) and B) are relative
to the sensor coordinate system.
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untreated juniper woodland plots. Field measured slope angles across
all treatments ranged from 11.80 to 20.57°. The TLS derived slope angle
estimates of the plots ranged between 11.73° and 21.67° with a mean
and standard deviation of 16.13°±3.50° (Table 1). Previous findings
suggest that TLS derived slope angle estimates are highly accurate (Eitel
et al., 2010). Eitel et al. (2010) showed that TLS derived surface angles
were strongly correlated (r2=1.0, slope=0.98, and intercept=0.98°)
Table 1
Study site, slope angle, total ground cover, rock cover and bare soil associated with each
plot.

Location Plot
ID

Plot
treatment

TLS derived
slope angle (°)

Ground
cover (%)

Rock
cover (%)

Bare
soil (%)

Boise Front 1 Burn 19.63 20.3 0 79.7
Boise Front 2 Burn 20.65 25.0 0 75
Boise Front 3 Burn 21.67 24.2 0 75.8
Boise Front 4 Burn 19.95 18.4 0 81.6
Steens 5 Cut 16.19 71.9 24.5 28.1
Steens 6 Cut 12.53 55.7 9.9 44.3
Steens 7 Woodland 14.56 26.2 20.8 73.8
Steens 8 Woodland 13.22 50.5 42.6 49.5
Steens 9 Cut 12.78 26.4 13.0 73.6
Steens 10 Cut 11.73 18.3 7.9 81.7
Steens 11 Cut 14.65 39.6 19.3 60.4
Steens 12 Cut 16.00 77.9 3.4 22.1
withmanuallymeasured surface angles ranging between−30° and 30°
(negative values indicate that the surface faced away from the sensor
and positive values indicate that the leaf surface faced towards the
sensor) of an angle-adjustable 97.56 cm2 cardboard surface.

3.2. Roughness effects on concentrated flow erosion processes

Manually measured sediment discharge showed to decrease with
increasing surface roughness. The majority of manually measured
surface roughness means ranged from 1.5 to 3 cm with outliers at
1.1 cm and 6.7 cm, respectively (Fig. 2). The goodness of fit statistics
suggest that the manual measured surface roughness is a good
predictor of measured concentrated flow erosion. However, it is
important to note that the relationship is bounded by a single low
roughness/high erosion data point at the upper boundary and a high
roughness/low erosion point at the lower boundary (Fig. 2). Although
the trend shows a clear decrease in erosion with increasing surface
roughness (200 mm×200 mm scale), the strength of the modeled
relationship is poor given the limited data points at the upper and
lower bounds. We attribute the clustering of the data to the scale of
the roughness measures and the high erosion rate for one plot.

The TLS provided a detailed map of soil microtopography from
which locRMSH could be derived as described in Section 2.4 above
(Fig. 3). The inherent error associated with TLS derived locRMSH-30
was 0.7 mm,meaning that locRMSH value differences equal or smaller



Fig. 2. Relationship between measured sediment discharge rate and manual measured
surface roughness.
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than 0.7 mm could not be resolved by the TLS used in the present
study. The total error is however likely larger than 0.7 mm due to
other sources of errors not quantified in this work such as potential
errors caused by surface geometry and/or reflectivity. To minimize
errors affecting the positional accuracy of TLS data points, Hodge et al.
(2009a, 2009b) proposed to repeatedly scan a given surface and
average the repeated scans. For a detailed assessment of potential
error sources associated with high resolution surface data derived
from close range TLS measurements please refer to Hodge et al.
(2009b).
Fig. 3. Illustration of TLS measu
The measured sediment discharge rate was well correlated with
locRMSH (r2>0.71, RMSE<96.0) if the latter was derived from
undetrended surfaces (Fig. 4). When calculated from detrended
surfaces, the locRMSH to sediment discharge rate relationship
weakened (r2>0.19, RMSE<159.3). For undetrended surfaces,
locRMSH-50 showed to be the best predictor of concentrated flow
erosion (r2=0.79, RMSE=81.11) whereas locRMSH-90 showed to be
the best predictor (r2=0.26, RMSE=152.8) if roughness was derived
from detrended surfaces. This suggests that the detrending of surfaces
might be adverse if used to derive locRMSH for predicting erosion. An
explanation for this phenomenon might be that larger scale slope
components known to affect concentrated flow erosion (e.g. Römkens
et al., 2001) are inherent in locRMSH values derived from unde-
trended surfaces as opposed to locRMSH values derived from
detrended surfaces. Thus, based on previous findings indicating that
both surface roughness and slope affect concentrated flow erosion
processes (e.g. Römkens et al., 2001), one would expect the present
result showing that the mean of locRMSH from undetrended surfaces
is more strongly correlated with concentrated flow erosion than the
mean locRMSH from detrended surfaces. Detrending might have also
altered microtopographic variation and thereof derived locRMSH
which possibly adversely affect the locRMSH–erosion relationship. It
might be further argued that the detrending algorithm employed
might have affected the results and that the use of other detrending
algorithms might have resulted in stronger relationships between
detrended locRMSH and measured concentrated flow erosion. For
example, Bryant et al. (2007) showed that the detrendingmethod can
strongly affected measurements of surface roughness. However, it
was beyond the scope of this study to examine the effect of different
detrending methods on the locRMSH to erosion relationship.

The size of the moving window was varied between 30×30 and
90×90mm to examine the sensitivity of concentrated flow erosion
predictions on the scale of surface roughness (over fine-scales).
Increasing the roughness scale resulted in increasing surface roughness
values (Fig. 4), which is in agreement with previous studies (e.g.
Haubrock et al., 2009) and the general notion that variability tends to
red soil microtopography.

image of Fig.�2
image of Fig.�3


Fig. 4. Relationship between measured sediment discharge rate and mean locRMSH derived from A) undetrended as well as B) detrended surfaces of eroded plot areas with moving
window sizes between 30 and 90 mm.
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increase if the area of interest increases (Huang and Bradford, 1990).
Though this finding is not surprising, it underscores oncemore the scale
dependence of surface roughness that has been extensively discussed in
the literature (e.g. Haubrock et al., 2009; Huang and Bradford, 1990;
Shepard et al., 2001). From a model user standpoint, the scale
dependence of surface roughness means that the empirical models
shown in this study can only be employed for the scale of roughness for
which they were designed. Furthermore, it is important to note that
roughness values at one scale cannot be easily compared to roughness
values at another scale.

Our results suggest that increasing surface fine-scale roughness
leads to decreasing concentrated flow erosion (Fig. 4). This finding
might be explained by the fact that flow velocity decreased with
increasing surface roughness (Fig. 5). Hydrographs and sedigraphs of
the concentrated flow simulations further demonstrate the effects of
roughness on erosion processes (Fig. 6). Plot runoff by flow release
rate for the Boise Front site exhibited a rapid rise (first 2 min of
simulation) before approaching a steady state approximately equal to
peak runoff (Fig. 6A). In contrast, sediment concentrations on plots at
the Boise Front site peaked within the first 2 min following flow
release rate increases, but then rapidly declined to a near steady state
(Fig. 6A). The rapid declines in sediment concentration during steady
state runoff suggest flow velocity and erosive energy were dampened
by roughness associated with flow path incision (i.e., exposure of
rocks and fine roots; see Nearing et al. 1997, 1999) and that the supply
of detachable sediment was nearly exhausted within the first 2 to
4 min following each flow release rate change.

At the Steens site, low erosion plots (plots 5, 6, and 12) were
associated with high ground cover (~60%) and TLS measured high
surface roughness (>8 cm, LocRMSH-50). Ground cover in excess of
55% and high pre-simulation surface roughness mitigated runoff
generation (Tables 1–3, Fig. 6B) and the velocity and erosive energy of
concentrated flow (i.e., Pierson et al., 2007, 2009, 2010). Flow velocity
for 30 and 45 L min−1

flow releases was 1.5- to 2-fold less on well
covered, low erosion plots (0.08 and 0.11 m s−1) as comparedwith all
other Steens plots (0.16 and 0.18 m s−1). Lower flow discharge and
energy on the low erosion plots resulted in minor sediment
concentrations relative to other plots (Fig. 6B), downslope within-
plot deposition of sediment, and decreased roughness within the flow
path area over the period of simulation (Table 3). In contrast, runoff
rates and erosion were high on all other Steens plots (Fig. 6C, Table 2)
where flow path roughness increased during simulations (Table 3).
The hydrograph and sedigraph for the high erosion plots (Fig. 6C)
indicate sediment concentration generally increased with runoff
through the first 23 min of simulation (release rates 15 and
30 L min−1) and decreased within 2 min following the 45 L min−1

release. Interestingly, flow velocity was nearly equal for the
30 L min−1 and 45 L min−1 release rates even though runoff was 2-
fold greater for the latter. The increasing roughness during simula-
tions, minor increases in flow velocity with substantial runoff
increases, and steady declines in sediment concentration during the
45 L min−1 release rate suggest newly-exposed roughness elements
within flow paths reduced the erosive energy of overland flow (i.e.,
Nearing et al. 1997, 1999). TLS measured surface roughness of the
plots post-simulation indicate concentrated flow altered plot-scale
surface roughness (Table 3) similarly to changes observed at the flow
path scale (LocRMSH-50, Table 3). However, the experimental design
of this study limits inferences on roughness–erosion relationships to
the scale of the flow paths.

3.3. Utility of TLS for erosion research

The correlations of locRMSH with velocity and erosion (Figs. 4
and 5) show the potential of TLS to serve as a tool for estimating the
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Fig. 5. Relationship between measured flow velocity at a release rate of A) 30 L min–1 and B) 45 L min–1 and mean locRMSH derived from undetrended surfaces of the eroded plot
area with scales ranging from 30 to 90 mm. No data for some plot locations are due to either no flow for the respective rate or equipment failure.
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hydraulic friction factor of soil surfaces associated with erosion
(i.e. Smith et al., 2010). Hydraulic friction caused by the soil surface
is important for physically-based water erosionmodels such asWEPP.
In these models, only shear stress exerted on soil aggregates is used to
estimate overland flow soil detachment rates and sediment transport
capacity. The partitioning of shear stress is usually done by separating
the hydraulic friction of the soil surface from other friction com-
ponents (i.e. vegetation cover) whereby soil surface hydraulic friction
is assumed to be the difference between total hydraulic friction and
friction of other cover elements (Al-Hamdan et al., 2011a). Our data
demonstrate the TLS is capable of measuring fine-scale soil roughness
elements that dictate flow velocity, hydraulic friction, and erosion
responses. Smith et al. (2010) further demonstrate the utility of TLS
measured surface topography to derive friction factors and a myriad
of roughness parameters for description of shallow overland flow.
They found overland flow resistance is flow depth dependent and
dominated by surface roughness. The results of this study and those
by Smith et al. (2010) suggest TLS technology offers advancements in
soil surface characterization and hydraulic friction derivation with
potential to improve parameterization of hydrologic and erosion
processes in physically-based water erosion models (Al-Hamdan
et al., 2011b).

In order to calculate the mean locRMSH values in this study it was
necessary to know the flow path area, which might not always be
realistic. We therefore calculated the mean locRMSH values for the
entire plot. The results show that the model fit statistics between
measured sediment and the mean locRMSH for the entire plot were
similar to the model fit statistics shown between mean locRMSH of
the flow path area and measured concentrated flow erosion (Figs. 4
and 7). However, it should be noted that locRMSH of the entire plot
was altered by clipping the vegetation which might have influenced
the results. In contrast, locRMSH values only associated with eroded
areas were not affected by the clipping since flow paths formed only
in unvegetated, unclipped areas of the plot.

The distribution of locRMSH-50 derived from undetrended
surfaces is shown in Fig. 8. The locRMSH values of all plots are
positively skewed. Plots with higher concentrated flow erosion rates
tend to have a higher kurtosis than plots with lower erosion rates
(Table 2). Employing median, min, max, kurtosis, and skewness of
locRMSH besidesmean locRMSH as predictors in amultiple regression
model did not improve themodels correlationwith concentrated flow
erosion (data not shown). Distributions of locRMSH as shown in Fig. 8
might be a valuable visual decision tool for rangeland managers.
For example, if faced with the decision where erosion prevention
measures are most needed, areas with high erosion potential, such as
plot 9 and 10 could be visually identified and separated from plots
with lower erosion potential, such as plot 5 and 12, based on their
comparably high kurtosis and their short positively skewed “tail”.

It should be noted that locRMSH values in this study are biased
towards roughness elements that have a diameter >4 mm given the
4 mm laser footprint. Thus, using a TLS instrument with a laser
footprint <4 mm might even further strengthen the locRMSH–
erosion relationship shown in this study. Moreover, some small (e.g.
<10 mm) surface depressions were possibly occluded because of the
oblique collection of TLS points and thus might have led to an
underestimation of locRMSH. However, given that each plot was
scanned from two scan positions suggests that this effect was only
small. One limitation of the empirical models employed in this study
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Table 3
Mean locRMSH-50 value for A) rilled plot area and B) entire plot immediately before
and after concentrated flow experiments.

A)
Plot ID Before After

1 6.0 6.4
2 6.7 6.8
3 6.6 6.7
4 6.0 6.4
5 13.6 12.5
6 8.2 7.1
7 6.9 7.5
8 5.7 6.4
9 4.8 5.8
10 4.9 5.8
11 7.0 7.4
12 8.6 7.5

B)
Plot ID Before After

1 6.0 6.3
2 7.0 7.0
3 6.6 6.7
4 6.1 6.2
5 12.6 12.0
6 8.3 7.4
7 6.4 6.6
8 6.8 7.1
9 4.8 5.3
10 5.0 5.3
11 7.2 7.2
12 8.9 8.1

Fig. 6. Runoff and sediment discharge measured during concentrated flow simulations
on burned plots as the Boise Front site (A) and low erosion plots (plots 5, 6, and 12; B)
and high erosion plots (plots 7–11; C) at the Steens study site. Vertical dotted grey lines
indicate time at which the concentrated flow release rate increased from 15 L min−1

(00:00 to 12:00) to 30 L min−1 (12:00 to 24:00) and from 30 L min−1 to 45 L min−1

(24:00 to 36:00).

Table 2
Sediment discharge rate and associated summary statistics of locRMSH-50 values
associated with each plot.

Plot
ID

Sediment
discharge rate
(g min−1)

Mean Max Min Median SD Kurtosis Skewness

1 219.07 6.0 22.8 0.7 5.6 2.3 43.6 14.8
2 122.88 6.7 22.8 1.0 6.2 2.7 29.7 13.3
3 170.92 6.6 33.5 1.0 6.0 2.8 54.1 17.1
4 180.97 6.0 27.9 0.6 5.6 2.7 53.1 16.1
5 34.13 13.6 47.9 1.2 11.9 7.4 7.2 9.8
6 28.79 8.2 42 1.1 6.4 5.5 33.5 16.6
7 127.49 6.9 99.6 0.9 4.6 7.7 359.8 49.9
8 195.27 5.7 52.8 0.0 4.2 5.0 147.4 33.9
9 678.76 4.8 38.3 0.7 4.2 2.6 257.2 37.8
10 297.05 4.9 53.3 0.9 4.1 3.9 405.4 53.8
11 115.61 7.0 57.7 1.3 5.4 5.3 164.0 34.2
12 18.08 8.6 50.2 0.8 7.0 5.7 56.8 19.6
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is that they do not consider interactions between locRMSH and other
soil properties that affect soil erosional processes such as surface
sealing, subsurface water content, and soil water pressure. This may
limit the transferability of these empirical models to other environ-
ments and soil conditions that differ from those prevalent in the
present study. Furthermore, the overall erosional response is partially
dependent on the amount of water available for detachment and
transport and on soil specific erodibility. Further work is necessary to
extend our findings to other systems by explicitly considering (and
possibly controlling for) these additional variables.

4. Summary and conclusion

The mean of the manually measured surface roughness was a poor
predictor of concentrated flow erosion. In contrast, the mean of the
TLS derived locRMSH showed a much stronger (r2>0.71), negative
relationship with concentrated flow erosion possibly due to the
higher sample density of the TLS datasets (<2×2 mm) compared to
the manual acquired datasets (200×200 mm). The strength of the
locRMSH–erosion relationship and regressionmodel parameterswere
affected by the sliding window size, emphasizing the dependence of
the locRMSH–erosion relationship on spatial scale. Detrending the
surface decreased the strength of the locRMSH–erosion relationship,
likely by removing the slope component of the locRMSH measure
and therewith information that affects concentrated flow erosion.
Our results indicate that TLS is a useful tool to enhance our current
understanding of the effect of surface roughness on overland flow
erosion processes. The strong relationships between locRMSH and
concentrated flow erosion suggests further that TLS derived surface
roughness allows more rigorous parameterization of soil erosion
models and thus ultimatelymay lead tomodel improvements. Further
research is needed to evaluate the locRMSH–erosion relationship over
a wider range of soil properties and spatial extents.
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Fig. 7. Relationship between measured sediment discharge rate and mean locRMSH derived from A) undetrended as well as B) detrended surfaces of entire plot areas with scales
ranging from 30 to 90 mm.
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