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Abstract

In spring 2009, four rill experiments were accorsipdid on a field. Most external factors as
well as discharge quantity (9 L mipwere held constant or at least in a similar range
Following most process based, deterministic saidsien models, derived hydraulic and
erosion parameters should therefore also be alsdasi However, the results from the
different experiments show clear differences inirsedt concentration, transport rates and
other measured as well as calculated values. Weurezh average sediment concentrations
oscillating between 1.8 and 44 ¢ Laverage transport rates between 0.0004 and G@$5
and average detachment rates from 0.0006 to 0.§15%s™, while the average flow velocity
scattered between 0.14 and 0.21 ntke average hydraulic radius from 0.74 up to k28
and the average slope at the sampling points betwet and 3.2°. These are relative

measurement errors (RME) of higher than 60% forettosion parameters whereas the RMEs
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of the parameters used in models to calculate likarsstress values are lower than 20%. In
contrast to our experimental results, a model satrd would produce erosion parameters
with low RMEs. This reveals the general problemsusing process based, deterministic
models for erosion in shallow rills. While soil ston models simulate the processes resulting
from the shear forces of flowing water on the sailface, other processes like side wall
failure, headcut retreat and plunge pool dynamriesrt taken into account. Our results

suggest that these other processes may contriboseastially to rill erosion processes.

1 Introduction

Modelling soil erosion processes is an importarsk tfor geomorphologic research and
understanding landscape evolution. Soil erosionafsodre also used to evaluate land use
systems, and derive guidelines for land use managenvodel concepts can be empirical
(e.g. USLE) or based on physical process descnifgigog. WEPP, LISEM). There are also
stochastic approaches found in the literature fescdbing and modelling sediment
detachment and transport (Einstein, 1937; Mirtskineay 1988; Wilson, 1993; Govindaraju
and Kavvas, 1994; Lisle et al., 1998; Hairsine Rade, 1991; Govers, 1991; Nearing, 1991;
Shaw et al., 2008; Sidorchuk, 2002; Sidorchuk et2804; Sidorchuk, 2005 a; Sidorchuk,
2005 b; Sidorchuk et al., 2008; Sidorchuk, 2009wever to date no operational version of

these stochastic approaches has been available.

What is the background of physical based soil erosion models?

Most of the models used nowadays are physical badsal called process based. Knapen et
al. (2007) distinguish between excess shear stnesels and excess stream power models. In
the first case, transport and detachment capadatiesalculated using shear stress alone, in
the other, shear stress is replaced by stream pateh is the product of shear stress and

flow velocity. In both cases, a critical soil parter (critical shear stress or critical stream
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power) is exceeded by a hydraulic factor (sheasstior stream power) which enables an
entrainment of soil particles. Shear stress isefloee a basic factor for the physically based
soil erosion models, describing the drag force texeby the flow on the bed (Giménez and
Govers, 2002). For inferring shear stress and ¢hiveld detachment and transport capacity in
soil erosion modelling, a set of input parameters @pically used in slightly varying
combinations: slope, liquid density, flow velogityydraulic radius, wetted perimeter, flow
cross section and water depth (Knapen et al., 2QD7¢ to the deterministic nature of the
physical based models, the same input parametéralways deliver the same results. These
models often assume a linear relation between stteess and soil detachment (Lyle and
Smerdon, 1965; Torri et al., 1987; Ghebreiyessual.etl994; Nearing et al., 1997), which

means that for a given shear stress soil detachwikatiways be the same

Wher e have experiments been conducted and what questions have been addressed?
Following Kleinhans et al. (2010) there are severays for geoscientists to create results or

data sets:

Field observations

Field experiments

Laboratory experiments

Modelling

Measurements on soil erosion have been conductedtimthe field and experimentally in the
lab. In laboratory experiments, the initial and bdary conditions can be well controlled. Soill
parameters are well known, rill forms and slope lbaradapted to the specific questions. So,
physical laws can be tested in a controlled enwremt. However Giménez and Govers
(2002) showed that parameters determined underdadyy conditions can not be easily

transferred to natural environments.
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The latter have given detailed insight into pantiedcesses of soil erosion and have been used
to derive empirical relationships between descrgptaf the forces exerted by flowing water
and sediment detachment and transport. For exaBipieton and Bryan (2000) and Bryan
and Poesen (1989) showed in laboratory experintBatsheadcut incision and bank collapse
are important processes in the development of aitid rill networks. Nevertheless, these
processes have not found their way into operatileesosion modelling. Using the results of
their studies, other research groups have oftesepted different shear stress — based factors
like: unit length shear force (Giménez and Goved®2), stream power (Bagnold, 1977;
Hairsine and Rose, 1992; Elliot and Laflen, 1998ahhg et al., 1997; Zhang et al., 2003),
unit stream power (Yang, 1972; Moore and Burch, 6)98nd effective stream power
(Bagnold, 1980; Govers, 1992a), which show a moress good fit with soil detachment
rates measured in their experiments. These expetathe deduced factors, which are highly
depending on the experimental setup, are used woftphysically based soil erosion models.
As a result, these models show a clear empiriaaidation (Stroosnijder, 2005).

The USDA made great efforts in field experimenesearch for developing the USLE. They
used the USDA-Purdue rainfall simulator called ritdator” developed by Don Meyer and
Donald McCune for many erodibility experiments. &mtensive 5-year experiment was
conducted on 55 Corn Belt soils in the 1960’s byydJ®lannering (Flanagan et al., 2003).

Most field data about runoff and erosion in rillashbeen gained from observations during
natural rainfall and runoff events or long-termiphoeasurements, in only a few cases have
controlled experiments been conducted (De San#stedh al., 2005; Helming et al., 1999;
Rejman and Brodowski, 2005). The aim of these stidvas to observe rill network
formation (Bruno et al., 2008; Mancilla et al., 8)0to define the initial conditions for rilling
(Bruno et al., 2008; Bryan et al., 1998; Govers Roésen, 1988; Slattery and Bryan, 1992;
Torri et al., 1987), to study the development dif vead morphology (Bruno et al., 2008;

Brunton and Bryan, 2000), to estimate the main &wiit variables like cross-section area,
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wetted perimeter, hydraulic radius, mean velocitg ashear stress for calculating other
hydraulic parameters which could not be measuresstimated (Bruno et al., 2008; Foster et
al., 1984; Gilley et al., 1990; Giménez et al., £20Govers, 1992 b), to validate existing
models (Huang et al. 1996) or to propose mathealatiodels for estimating soil loss due to
rill erosion (Bruno et al., 2008; Foster, 1982; Nieg et al., 1989). Field data are as close to
reality as possible. Observations can be collefrtma a long term plot measurement or by
scientists who are in the right place at the rigme. This is not always possible, so field
experiments are used to trigger the processes tibderved when the measurement team is
on site. But both observations and experiments baxain disadvantages:

- Measurement techniques may disturb the processas tleserved

- Time scale of human observations is shorter thandhthe process under study

- Some processes can not be measured directly oedtigi

- Some processes are chaotic and the spatial andteimgriations are difficult to

specify

(Kleinhans et al., 2010)
Nevertheless, simplified experimental setups adedriby the same natural laws as the
processes found in nature. For this, experimentaevations can be considered as a
simplified but valid representation of the realiBaola et al., 2009).
Models describe reality in terms of mathematicaliagmpns. The physical laws are often
simplified to allow numerical solutions, but in nyarases it is not clear which laws apply and
to what extent simplification is possible. Modelrgmeters are always the result of
simplifications. Values of some parameters are well known, so the model has to be
calibrated. Here, the phenomenon of equifinalitya iproblem: A wide range of parameters
can produce the same result. Another problem ispghameters for rill hydraulics are often
taken from equations for describing flow behaviourivers. Govers (1992 a) and Govers et

al. (2007) showed that these equations are naldaifor rill erosion processes. So there is
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often a mismatch between model results and obsemwetkasured “reality” (Kleinhans et al.,

2010).

What isour scientific question?

As shown above, models face large uncertaintienaftie to a lack of input data. At the same
time, field experiments deliver reliable data, ascpss dimensions operate under natural
conditions, and enable direct observation of thec@sses involved in rill dynamics. So, to

bridge the gap between models, parameterisationoedrvations, field experiments were

performed, with specific attention given to theibdsydraulic parameters needed to calculate
shear stress. By linking the observations, therdetation of hydraulic parameters and the

measurement of sediment transport with fundamdatatulae used in soil erosion models,

we aim to tackle the following questions:

- Do constant shear stress values in different oiisthe same field with constant soll
parameters (critical shear stress for example)ltrésuthe same soil detachment
values?

And as a consequence of this question:

- Is the model concept of a linear relation betwekeas stress and soil detachment
suitable for real erosion process combinationsatumal rills?

The characteristics of the field site and the expental set up allow a set of experiments
with very similar boundary conditions to be conductinder natural conditions. All required
parameters can be measured directly thus avoitdmgéed for estimates. As a consequence,
it was expected that the shear stress exerted é¥ldwing water would remain within the

same order of magnitude for all experiments.

2 Short history of shear stress, critical shear stressand transport capacity
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Due to the fact that a great variety of approaces$ equations exist to describe the shear
stress resulting from flowing water in rills, a Isoresistance against this and the transport
capacity of flowing water, a review of the develamof these relevant parameters is offered
in the next chapter. This review shows that thespia} definitions of “shear stress”, “critical
shear stress” and “transport capacity” are notrlyiadifferentiated , e.g. in some cases the
hydraulic parameter “shear stress” and the soibmpater “critical shear stress” are not
distinctly separated. This leads to problems caringrthe comparability of different studies,
and also complicates soil erosion model development

Over the years the shear stress equation has beeged several times. Different research
groups have deleted or added different factorglaptthe equation to their research topic. It
is important to differentiate between shear sttess hydraulic parameter, and critical shear
stressrtc Or 1, @ Soil parameter. Shear stress must exceed itiealcshear stress to cause
erosion. In writing this short history, we assuntbdt shear stress or critical shear stress
values are always defined in the unit [Pa = ksfl, especially if values were missing or not
clearly defined by the author. So we calculated gm&nown units. We also used the
particular label used in the particular literatbeeng referenced so it is possible that different
labels and different variables are used for theesgmysical parameter or that a certain
variable has different meanings in different equai

The first authors using critical shear stress iairtistudies to describe the resistance of
sediments against shear forces were Shields (1&3%)Ott and van Uchelen (1936) who

translated Shields’ Ph.D. thesis into English. Thegcribed the critical shear force for the

bed of a rectangular open channel as follows:

t, = yUSUD D(l—E) for OSES1 and Eq. (1)
B B 2
B D_1
=yOSO— for —== Eq. (2
=7 ) B2 - (2)

while for the walls shear stress is defined as

7
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T, = yDSDR for OSES1 and Eq. (3)
B B 2

B B D_1
=y0SO-O1--——) for === Eq. (4
7 =y IS 1= =0) 525 9. (4)

with y = unit weight of the fluid [kg i], S = slope [m nf], D = water depth [m] and B =
water width [m].
Graf (1971) modified these equations as follows:

r O0—DPLS Eq. (5)

(=70
I
with D = mean depth [m], S = water surface slopenit}, y = specific weight of fluid [kg m
%, vs = specific weight of sediment [kg#h d = particle diameter [m].
In 1970, Partheniades and Paaswell used criticzdrsstress to describe the “Erodibility of
channels with cohesive boundary”. Their criticaéahstress equation, derived from empirical

studies, was as follows:

oz[n)ZD

Eq. (6
1.48¢) a- (6)

7. = (

with 1. = critical boundary shear stress in pounds perrggio®t,o as an empirical factor, n =
Manning's friction coefficient [® s%] andy,, = unit weight of water in pounds per square
foot.

Andrews (1984) and Andrews and Erman (1986) desdriitical shear stress in empirical

equations depending on test site:

d
= 0.08347)( 1 )87
Fe i dg, ) or Eq. (7)

d
.= 0.0384(— )%
dso Eq. (8)
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with i: the relationship between a given particle sizd #re subsurfacesgl(median
50

particle size).

De Ploey (1990) shows different forms of the caltishear stress equation:

t, = pOuZ = (p Og OROY), = (p Og On**° 0q°*° 0S°"), Eqg. (9)

with p = density of the water [kg T, ue = shear velocity [m'§, g = gravitation factor [9.81
m s?, R = hydraulic radius [m], S = sin (slope), n =athing friction factor [MH* s, q =
unit discharge [rf® s].

In the WEPP model, critical shear stress is catedlas follow:

For cropland with a sand content of more than 30%:

¢, = 2.67+ 0.650CLAY - 0.0580VFS Eq. (10)

with CLAY = clay content [%], VFS = very fine saigdntent [%].

For cropland with a sand content of less than 3 critical shear stress is assumed to be
constant:

t=3.5

For rangeland the critical shear stress is caledlas follows:

7, = 3.23-0.05600SAND - 0.24400RGMAT + 0.90BD Eq. (11)

dry
with SAND = sand content [%], ORGMAT = organic naaitcontent [%], which is 1.724
times the organic carbon content, and;Bi3 the dry soil bulk density [g cth (Flanagan and
Livingston, 1995).

The shear stress equation used by Foster (1982 thls form:

= y0yb® D(% Dali2 OC, ) Eq. (12)

p
with t© = shear stress [Pa},= weight density of water (force/volume) [Pa], yflew depth
assuming laminar flow [m], b = time weighting factm finite difference equation for
continuity, s = sine of slope angla/y, = ratio of the flow depth on a smooth surfacehiat t

9
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in the ponds from depressions and “dams” [ffi],na = a coefficient to be estimategs £
effective rainfall intensity [m§, Ci which is a subfactor due to soil surface covelgutated

as follow:

C, = exp[ -0.210( 2 ~1)] 18 Eq. (13)

b
Empirical shear stress equations of the form

7= allp, —p)Udg D Eq. (14)
with ps = specific weight of the sediment [kgdn p = specific weight of the water [kg #h
D = the patrticle size [m] and a = empirical fadb@tween 0.039 and 0.09 are used by Shields
(1936), Miller et al. (1977), Parker et al. (198R)plas (1987), Parker (1990), Komar (1987
a,b), Andrews (1983), Ashworth and Ferguson (1989 and Komar and Carling (1991).
Meanwhile, Chisci et al. (1985) used a formula frbamdau and Lifchitz (1971) to describe

the shear stress as follow:

1 2 1

t=(o Dg)g [ 30v)? *sin3a g3 Eq. (15)

with o = fluid density [kg 7], g = gravitation [9.81 m™q, v = kinematic viscosity [fs?], a

= slope angle and g = runoff discharge rate petr aiwidth [kg m' s]. The basis of the
Landau-Lifchitz shear stress calculation is the iBlagtokes equation for incompressible
fluids (Bell et al. 2007; Fan et al. 2010).

Torri et al. (1987) used the shear stress equatitms form:

7, = o Ug UR* tan(y) Eqg. (16)

with 1, = runoff shear stress [Pa},= fluid density [kg rf], g = acceleration of gravity [9.81
m s?], R =hydraulic radius [m] ang = slope angle [°].

Ghebreiyessus et al. (1994) used the equatioreifottowing form:

Uh, OR
k!

L Ea. (17)
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with y = unit density of water [kg 1], h. = head loss due to friction fn$?], R = hydraulic
radius [m] and L = channel length [m].
Nearing et al. (1997) described shear stress ks\fol

.= p, 0gOS RO Eqg. (18)

tot
with py = water density [kg i, g = gravitation factor [9.81 mi%, S = slope, R = hydraulic
radius [m] and §and f,; = Darcy-Weisbach friction factors for the barel smd composite
surface, respectively.

Giménez and Govers (2002) calculate the hydratkasstress using the following equation.
This is the form used in the actual physical basslderosion models.

r= pOg OROS Eq. (19)

with p = density of the fluid [kg i, g = gravitation factor [9.81 mi% R = hydraulic radius

[m] and S = sin(slope).

Sediment transport is a fundamental part of sodsien. Parker (1979) developed an
empirical function to calculate a transport ratengsshear stress as well as critical shear
stress. It only calculates a positive transpo#,rdtthe shear stress exceeds the critical shear

stress:

_ 11.20c -7, )*°
(z.)’

Qs Eqg. (20)

with 1. = threshold value of required to initiate particle motion ands @ transport rate per
unit of width [kg"> m™° s. In this equation it is clear to see that sheeess and critical
shear stress are opponents. Critical shear sgess/alue for soil stability, shear stress is a
value for the erosive impact of the flowing watkr.critical shear stress calculations, soil
parameters like dry bulk density, grain size dittion and organic content are used, in shear

stress calculation hydraulic parameters, roughn#éies; velocity and fluid density are

11
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variables. Depending on the question, experimesgalp or data base, the equations show
different forms and have been in most cases siregldvertime.

Most modelling concepts limit the uptake of sedimato the flowing water not only by the
processes and forces described above, but alse@tbggsthem into equilibrium with the
sediment transport capacity (Bagnold, 1963, 196®)ssel and Jetten (2007) described in
their review four different approaches for calcuigtthe transport capacity:

TC,
TC= —Tc (Govers, 1990) Eq. (21)
(1-—)

Ps

- g, Uwlpg

9 (Abrahams et al., 2001; Low, 1989; Rickenman®9 Eq. (22)

qs Lw
Q

TC=

(Yalin, 1993; Bagnold, 1980) Eq. (23)

P DCP
Tc=—1E6  (vang, 1973) Eq. (24)

C
(1_1756)
with TC = transport capacity in clear water [g]LTC: = transport capacity in sediment-water
[g LY, ps = density of solid material [kg ™, go = volumetric bedload transport per unit
width [m2 s, gs = sediment transport rate [kg M]sv = flow width [m], Q = runoff [m3 ],
ps = fluid density [kg nt] and G- = concentration [ppm]

In the WEPP-model, transport capacity is calculaebllow:

TC=k, Or}° (Foster et al. 1995) Eqg. (25)

with k; = transport coefficient [fiT s2 kg™ andt; = hydraulic shear acting on the soil [Pa]. In
this modification of the equation of Yalin (196B)ttransport capacity is described in Kg s

It is important to note that the empirical basistlod equations presented above is data sets

created by controlled laboratory experiments, faddervations or field experiments.
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A summary of these equations can be found in Red Bunne (1996) and on the EPA-

homepage (2009).

3 Materialsand Methods

3.1 Sudy Area:

The Natural Park Bardenas Reales, a 425 km? semmndscape, is located in northeast
Spain (Navarra), in the Ebro-Basin (Fig. 1). lbsunded by the Aragdn river on the north
and the Ebro on the south (Desir and Marin, 2000relMga et al., 2002; Sancho et al., 2008).
The Ebro basin is filled with debris material fragarrounding mountain areas, sediments
from an inland sea and, as a consequence of dmymgsaline, lacustrine, and marsh
sediments. The tertiary and quaternary sedimenthenBardenas Reales consist of open
playa-lake deposits, red, grey and green clayey amak pockets of lacustrine, limestone-like,
sandy and gypsum-containing sediments as well asiwgmarly and lacustrine limestones
that form cuestas (Desir and Marin, 2007; Mureleiga., 2002; Sancho et al., 2008).

The climate in the test area is semi-arid and atariaed by irregular, heavy rainfall events
with an average of 380 mm‘athe average annual temperature is 19.2°C, angdtential
evapotranspiration rate reaches 1084 mm. In surangvinter, only sporadic rainfall events
reach the test areas; the convective precipitatboosr in spring and autumn (Causapé et al.,
2006; Causapé et al., 2004; Desir and Marin, 28awcho et al., 2008).

Most soils in the region are poorly developed aarbps. The A-horizon is thin and contains
almost no organic material. Existing soil types &wegosols; at some points Cambisols,
Luvisols and Fluvisols have developed. Dependingubstrate, carbonate, gypsum and salt
content are middle to high, pH is high and soilgeha tendency toward sealing and crusting

(Schwab et al., 1982).

3.2 Rill test site:

13
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The position of our experimental site is 624817 @07 N. With high-definition aerial
photography it was possible to estimate area angthevalues and to describe soil surface
characteristics such as vegetation cover or filtle 0.75 ha field used for testing is separated
into two different soil-surface areas. One arezoigered with grass, the other consists of bare
soil. Furrows are detectable on the whole area.a @art of the field with nearly bare soil, i.e.
vegetation cover is only about 1% and rock fragmeatver roughly 2%, approximately 20
furrows have developed into rills in different stagof development (Fig. 2). Average rill
length is about 10 m, so we calculated a totalleigth of about 200 m. The relationship
between rill length and area (rill density) is 267ha’. This is lower than on the ripped field
but higher than on a ploughed field which were carad in the study of Hagmann (1996).
Four of these rills were randomly chosen for thpegiments.

Texture class is at the threshold between pogr silhd and poor loamy sand, gravel content
is 1%. Main texture class is fine and very finedsarearly half of the fine soil material shows
a grain size between 0.2 and 0.063 mm. Grain deasidl dry bulk density have not been
measured directly but estimated as 2.65 & @nd 1.68 g ci, respectively, following the
Ad-hoc-Arbeitsgruppe Boden (2005). Soil materiahtains 2.2 % organic matter, and the
starting soil moisture was 7.5%.

The rills tested developed in this homogeneous teatles they neither show steps nor
plungepools but have different morphological parmse The rill descriptors with different
values for each rill are summarized in table 1,dbestant setup, soil and climate factors are

presented in table 2.

3.3 Rill experiment:

The rill experiment consists of two runs: in thesfirun the rill is tested under field

conditions; in a second run, about 15 min latex,game rill is tested under wet conditions.

14
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For each run, a motor driven pump is used to mairt@onstant discharge of 9 L rlifior 8
minutes, resulting in a total water flow of 72 L if¥¥ et al., 2010).

The flow velocity within the rill is characterizeay the travel time of the waterfront and of
two colour tracers (food colourings (E 124 (red)l & 13 (blue) started at 3 and 6 minutes
after the start of the experiment) measured foryereeter using a chronograph. By means of
this procedure, three velocity curves are recorded drahges in flow dynamics can be
detected.

At the end of the rill, the runoff is continuoustyeasured by a pressure transducer (Ecotech
DL/n, V2.35). For calibration of the discharge ayrwunoff at the outflow is measured
volumetrically at regular intervals. This allowsnstant measurement of the discharge at high
temporal resolution and throughout the whole expenit.

The rill's slope is characterized by measuremeinigus spring bow with a range of 1m and a
digital air lever. It is important to note that g measurement provides only average slope
over the 1 meter. A step or a knick-point in theis not considered, but its position and
height are recorded.

At three measuring points (MP) along the rill fouster samples are taken: the first as soon as
the waterfront has reached the sampling pointsdm®nd 30 seconds later, and the third and
fourth after 1:30 and 2:30 total time from arriedlthe water. The sediment concentration is
determined by filtration of the samples in the latory. (Wirtz et al., 2010)

At each measuring point, rill cross section is mead. With thin metal sticks, the distance
between ground level and rill bottom is measure@.002 m steps. This allows an accurate

calculation of the rill’ s cross section area andeatimation of the rill’'s volume.

3.4 Descriptors for soil detachment
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The relationship between detachment rate and deah capacity respectively the
relationship between transport rate and trans@péacity is an important value for assessing

different processes acting in the rill. These \Ja@ga are calculated as follow:

D. =K, r-17,) (Foster et al., 1995) Eq. (26)
T. = K, ORO® (modified from Wagenbrenner et al., 2010) EQ)(2
S. IVUA
D= ———— Eq. (28
"= L DA g. (28)
T,=S. OVOA Eq. (29)

with D¢ = detachment capacity [kg 7], K, = rill erodibility factor [s nt], t = shear stress
[Pa], 1o = critical shear stress [Pa]c E transport capacity [kg’$, K; = transport coefficient
[s2 nP° kg®?], R = hydraulic radius [m], R = detachment rate [kg fns], S = sediment
concentration [g ], V = flow velocity [m s, A = flow area [m?], L = flow length [m], WP

= wetted perimeter [m], = transport rate [kqg$.

The rill erodibility factor k can be calculated for cropland or rangeland; patara are clay
content, very fine sand content, organic matemaitent, dry soil bulk density and the total
root biomass within the 0.0 and 0.1 m soil zonethis case, we used the equation for
cropland.

Depending on land use, the parameters for thearishear stress are clay content, very fine
sand content, sand content, organic material coatahdry soil bulk density.

Shear stress is calculated as follow:

= pUg OROS (Giménez and Govers, 2002) Eqg. (30)
with p = fluid density [kg rif], g = gravitational acceleration (9.81 nf)sR = hydraulic
radius [m] and S = effective slope (sin(slope a))gle

The transport coefficient value is taken from th&RY-database (Elliot et al., 1989). We
used the value of the soil that is most similathte soil in the test area. In this case, the

location is Amarillo, the Kvalue is 0.0107%am’*kg®.
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The total runoff at the outletpds calculated. When set in relation to the inflgwthe runoff
coefficient (RC) is obtained. For enabling the canmgon of rills with different experimental
lengths, we calculate the runoff length factor (RBy multiplying the runoff coefficient with
the tested length L. It is an expression of ruredfectiveness and an inverse measure for
infiltration capacity within the rill:

V. LCL
VI

RC, Eqg. (31)

For comparing the variability of the different pareters, we calculated the average of the

relative measurement errors (RME) following the QUBIL9-1 (1995). This error is defined as

f= @ .00 Eq. (32)

with X, as measured value andas “correct” value, we used the mean of the measualues

as x.

The average values in table 3 are calculated frareainples (3 measuring points a 4 samples
in each run).

Table 2 shows the constant external parametesmodel simulation, in most cases average
values are used. And because the external pararaterconstant (table 2), the 4 different
rills would be described by one average value lofilld. So we calculated average values of
all samples (4 experiments x 2 runs X 3 measuramgtp x 4 samples = 96 samples) which are
presented in table 4.

The RME describes the difference between the aeevadue of all experiments and the
average values of one run. The given RME valuealitet4 is the average of the RMEs of the
8 runs. The RME would be much higher if we wouldcekte the RME between average
values of all 96 samples and the single, direcidasured sample.

Number of classes was calculated following the gisirrule (Sturges, 1926):

k= 1+ 3.32I¢n) Eq. (33)
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with k = number of classes and n = number of vatides. In our calculations, n was 16 and
so the calculated number of classes was 5. The kifaigs were in this case 0-20, 20-40, 40-
60, 60-80 and 80-100. There was only one elemethanlast class, so we defined only 4

classes, with the last class as 60-100.

4 Results

All factors for each run of the four research expents (RE) are presented in Table 3.
Whether values were measured or calculated isnalteal.

The highest transport capacity values were seeRHdia, 1b and 2b; and the highest
detachment capacity was also in REla and 2b. Siwms values were highest in RE1, 7.17
Pa in run la for shear stress 1 (when sedimentectration and grain density is used to
calculate liquid density) and 7.09 in run 1la anddrtshear stress 2 (when a constant density
is assumed). Hydraulic radius and slope show ttledsit values in REla and 1b (1.28 cm and
3.2°). Lowest values measured in RE1 were for th@actor (1.27 m in 1a) and the runoff
coefficient (12.6 % also in 1a).

Experiment 2 shows the highest transport rate v&u@152 kg & in 2b), the highest
sediment concentration (44.02 ¢ In 2a) and the highest detachment rate (0.0146'ky?

run 2b). Together with both runs of RE1, run RERm a&hows the highest transport capacity
(0.0028 kg %). The tested rill part in RE2 contains a rill visla of 0.53 m3; this is the highest
value of the tested rills. Additionally, RE2b alkad the highest r-I-factor (7.95 m), the
highest runoff intensity (0.5 I'§ and the highest flow velocity (0.21 rif)s The highest liquid
density was calculated for RE2a (1.027 g%m

In RE3 the highest average cross section area wasured (738.87 cm?). At 71.54 % RE3b
had the highest runoff coefficient. Lowest valuesasured in RE3b were for transport rate,
sediment concentration, detachment rate and ligeidsity, and in RE3a the lowest flow

velocity was measured (0.14 m)s
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The rill tested in experiment 4 shows the lowesssrsection area, the lowest rill volume and
the lowest slope. Additionally, in experiment RE#a lowest values for transport capacity
(0.0005 kg &), detachment capacity (0.016 k§®?), runoff intensity (0.15 I'8), both shear
stress values (2.77 and 2.76 Pa, respectivelyhadicaulic radius (0.74 cm) were measured.
To compare the variability of the different paraersf we calculated the relative measurement
error (RME) for each of them. The RME values foe tlested parameters are presented in
Figure 3, and they are summarized in Table 4.

The highest RME, 81.7 %, was calculated for thedpart rate. RME values of more than 60
% were also calculated for sediment concentratidh5( %) and detachment rate (67.5 %).
Transport capacity (45.5 %), cross section area3(2d) and volume (40.9 %) show RME
values between 40 and 60 %. RME values between n20 49% were calculated for
detachment capacity (38.3 %), r-I-factor (36.6 Pohoff intensity (31.6 %), shear stress (28.6
and 28 % respectively for shear stress 1 and siezss 2) and runoff coefficient (25 %).
RME values below 20 % have been measured for flelscity (10.2 %) and for the input
parameters of the shear stress equation hydradias (16.4 %), slope (14.7 %) and liquid

density (0.7 %).

5 Discussion

Despite different volume and cross section aredEHR0.9 and 41.3 %) the hydraulic radius
shows a low RME of 16.4 %. This is caused by ddferunoff values, represented by runoff
coefficient and r-I-factor. Because runoff coefict has a lower RME than r-I-factor (25 and
36.6%, respectively), it is not sufficient for daption of runoff, since under different rill-
parameters (volume and cross section area) onfigrelift runoff values can result in similar
hydraulic radius values.

Theoretically, the relationship between a rate anchpacity should not exceed 1 because

sedimentation processes reduce this value wheratbas higher than the capacity (Scherer,
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2008). But in our experiments, 67 of 96 sample4yshow higher transport rates than
transport capacities, especially in higher sedingententration ranges (see figure 4).

The transport rate exceeds the transport capanity’7% of the samples (dry runs)
respectively in 63 % (wet runs) of the samples. Bagarding the average values of the
relationships between Transport rate and transagacity (only the values higher than 1) the
b-runs show a higher value than the a-runs (7 v§. | the a-runs, the transport of loose
material is the main process, in the b-runs thé lhaiture and the headcut retreat.

The input parameters for calculating shear stréssvsSRME values below 20%: hydraulic
radius with 16.4 %, slope with 14.7 % and liquichsigy with 0.7 %. The calculated shear
stress values are also similar; the variability2&6 % when liquid density with sediment
concentration considered is used and 28 % if thedidensity of clear water is assumed. The
model idea is that there is a linear relation betwshear stress and soil detachment volumes,
this means that soil loss parameters should alson libe same order of magnitude. For
transport and detachment rate, input parameterssalle flow velocity and sediment
concentration. Flow velocity shows a low varialildf 10.2 %. But sediment concentration
(70.5 %), transport rate (81.7 %) and detachmeat(6¥.5 %) show very high variability, all
values being over 60 %. This means that in thge cnere is no linear relation between shear
stress and soil detachment.

The results of the research accomplished by Gdi&$1), Liu et al. (1996), Nearing (1998,
1999 a), Risse et al. (1993), Ruttiman et al. (}998endt et al. (1986) and Zhang et al.
(1996) underscore the problems. Nearing (1998gdettte variability between replicated soil
erosion field plots under natural rainfall to detere the principal factor or factors which
correlate with the magnitude of variability. Theeffacient of variation ranged in the order of
14% for a measured soil loss of 20 kif o greater than 150% for a measured soil loss of
less than 0.01 kg Th Ruttiman et al. (1995) statistically analysed da¢a of four sites, each

with five to six reported treatments; each of therth three replicates. The coefficients of
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variation in soil loss ranged from 3.4% to 173.248iih an average value of 71%. Wendt et al.
(1986) measured soil erosion rates on 40 experahghbts. All plots were cultivated and
treated identically. The coefficients of variatifam 25 storms ranged from 18% to 91%, with
a clearly decreasing variability of soil loss wititreasing erosivity of the storms: 15 storms
with erosion rates higher than 0.1 k¢f mvere noted and 13 showed coefficients of variation
less than 30%. Risse et al. (1993) applied the URLR large data-set of plot-years and
natural runoff plots. Annual values of measured lesis averaged 3.51 kg“mthe average
magnitude of prediction error was 2.13 kg, nthat means 60%. Zhang et al. (1996) tested the
WEPP-model in a similar way. The average soil loss 2.18 kg M with an average
prediction error of 1.34 kg mwhich is 61% of the mean. Liu et al. (1996) conedar
measured values with WEPP-calculated values. F@& o the tested catchments, the
sediment yield was under-predicted by approximatyo. Govers (1991) tested the rill
erosion rates on arable land in Central Belgiunme Télevant characteristics of the selected
fields were similar; the highest standard deviatiegss 65 m in length and 25.5% in sand
content. Mean rill erosion rate from 156 measura@mesached 0.36 kg fwith a maximum

of 3.5 kg n¥, but also no erosion was observed. The RME (w&atheasurement error
calculated using eq. 32) accounts for 131%. Theiltsegeflected here show the high
variability of soil erosion measurements, even unontrolled (this means experimental)
conditions.

The very large variability is partially the resolt non-homogeneous parameters used for soil
characteristics and rainfall. On experimental plattiltration rates and soil aggregate
stability can be highly variable (Ajayi and Hor2007), and natural rainfall shows a high
spatial and temporal variability (Dunkerley, 2008herefore, the input parameters for the
different measurements reflected in the studiestioesd above were not really comparable.
Nevertheless, the results also make clear that imgglsoil erosion involves uncertainty in

model input as well as in the data that can be t@mechodel calibration and validation. In the
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field, the spatial and temporal variability of sabnditions cannot be avoided, and is,
furthermore, part of the investigations. Theref@@ditional input parameters such as rainfall
or flow should be kept constant to generate conipp@rdata. There is a high variability in
soil erosion processes that can not be represdmtel single factor like shear stress. The
shear stress equation implies that drag forcethardominant forces controlling erosion. But
rill erosion is the result of the combination offeient processes including headcut erosion,
sidewall sloughing, tunnelling, micro-piping, slagipiping and sapping (Bryan et al., 1989;
Bryan, 1990; Knapen et al., 2007; Owoputi and 8td©95; Rapp, 1998; Zhu et al., 1995).
These processes are not accounted for in sheas stgpiations, although there is ample
evidence to support their importance. Zhu et @98) concluded in laboratory experiments
that the contribution of headcutting in detachmericesses was four times as high as the
contribution of bed scours. Kohl (1988) found thaadcutting accounted for up to 60% of
total rill erosion for the soil erodibility data ®¥EPP. Stefanovic and Bryan (2009) tested, in
laboratory experiments, the development of rillsasolbamy sand and on a sandy loam and
showed that concentrated flow causes sediment ptiodu primarily from knickpoints,
chutes, meanders and bank failure. Govers (19&finduished between hydraulic erosion,
mass wasting processes on rill sidewalls, gullyimgd piping. During his study in
Huldenberg, the loamy hilly region of Flandres, fiedd was conventionally tilled and a
seedbed was prepared. Hydraulic rill erosion mostigurred during three observed runoff
events with peak discharges between 70 and 990 (4200 — 5400 L min). Runoff rates
during other events were always below 25($500 L mir'). We used runoff rates of 9 L
min? which turned out to be too low to produce hydmuiil erosion. However, it was
sufficient to cause mass wasting processes omsidédwalls. In the observed runoff events
(Govers, 1987), mass wasting processes caused Bi8taberosion in rills. But in erosion
modelling, rill erosion is considered to be onlypdrdent on the erosive power of the flowing

water, represented by shear stress, unit lengtar dbece or stream power. The process of
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gullying, the retreat erosion at knickpoints andidwits, is not considered in rill erosion
formulas. This process caused about 12% of rilsierorates in the study of Govers (1987).
In our experiments, we only cause mass wasting ail§ing processes, so the relations
between hydraulic parameters and sediment contienti@e mostly low. However hydraulic
rill erosion only occurs in extreme runoff eveniggesting that, in most cases, runoff values
are too low to cause this process (Govers, 198FXhAse observations agree with our own
observations and measurements. In addition, therseveral studies and models looking at
headcut retreat (Bennettt, 1999; Robinson et @002Alonso and Bennett, 2002; Bennett and
Alonso, 2005; Bennett and Alonso, 2000; Flores-@etss et al., 2006; Gordon et al., 2007)
and bank failure (Parker, 1983; Kovacs and Paika94). These results have not (yet) been
applied in soil erosion models.

Knapen et al. (2007) calculated the correlatiostedar stress, unit length shear force, stream
power and Reynolds number with the detachment @gpagsing several WEPP datasets. The
best average correlation was determined for stqeawer with R2 = 0.59. The R2 values for
the shear stress variable used in the WEPP datasetsnever strong. Knapen et al. (2007, p.
80f.) describes the shear stress as follows: ,Altfiothe use of flow shear stress as a soil
detachment predictor can be contested, criticabrsistress 1) and concentrated flow
erodibility KC (...) have been selected as the mostversal parameters to describe soil
erosion resistance to concentrated flow.“ The datiens between these factors and the soil
detachment capacities show very different restihgre is not a single parameter that always
shows the best correlation.

Other groups found linear correlations between gdrdulic parameter and an erosion
parameter as well as in laboratory flume experismigRftartheniades and Paaswell, 1970,
Nearing et al., 1997, Ghebreiyessus et al., 1994 Bt al., 1987, Giménez and Govers,
2002) and in field research (Elliot et al., 198%®aNng et al., 1997, Nearing et al., 1999 b).

We can not confirm these observations, in our fetgeriments there is not only no linear
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relationship between hydraulic parameter and emogiarameter but there is no clear
relationship at all.

In a laboratory study, Nearing et al. (1991) meediilow shear stresses ranging from 0.5 to 2
Pa, while tensile strengths ranged from 1 to 2 kRdifference in magnitude of 1000. Despite
this, detachment rates of nearly 300 § st were measured. Nearing explained this as being
the result of turbulent burst events which are mgobater than the average flow shear
stresses. Nearing and Parker (1994) further inyat&td the influence of turbulence on shear
stress. They showed that under turbulent flow domts the same shear stress value results in
a clearly higher detachment rate. Differences betwadetachment rates caused by turbulent
and laminar flow increased with increasing shegesstvalue. This means that the influence
of turbulence on soil erosion will be higher wheydtaulic conditions lead to a high shear
stress value than when shear stress values ahne iower range. This can be the reason that
soil erosion models often over-predict small sogddes and under-predict large soil losses.
Nearing (1998) explained this by the presence tidrahvariations in model data, meaning
variations that the model is not capable of capturiThese variations will effect a bias in the
erosion predictions relative to values on the higéred versus those on the lower end of the
range of measured values (Nearing, 1998).

Another reason why the use of the shear stresdiequioes not deliver satisfactory results is
the origin of this equation. The shear stress eguas deduced from Navier Stokes equations
which describe the motion of fluids. The equatianse from applying Newton’s second law
to fluid motion (net force on a particle is equal the time rate of change of its linear
momentum in an inertial reference frame), combwét the assumption that the fluid stress
is the sum of a diffusing viscous term plus a presgerm. Using one of the Navier-Stokes
equations, an incompressible fluid can be completekcribed; thus reducing hydrodynamic
guestions to a mathematical problem. But this gobtonsists of a system of second order

nonlinear partial differential equations which requthe most powerful computers to
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numerically solve even the easiest cases. For émergl, 3-dimensional case, existence-
uniqueness- and regularity statements are not g@tep. Indeed, the Clay Mathematics
Institute (CMI) included this in their “Millenniur®rize Problems” which represent the most
important open problems in mathematics, and hasrexdf a prize of US$ 1,000,000 for a
solution or a counter example. (Seiler, 2002; Camigt, 2001; Fefferman, 2006; Temam,
2000; Wiegner, 1999; Schneider, 2008)

The inconsistencies between the experimental sesatid the physically based model
assumptions can be the consequence of severakthuap as uncertainties in measurements
on the one hand or, on the other hand, inconsistedtincomplete process representations
within the models. Uncertainty in the measuremdrgod erosion has been a strong point of
discussion (Stroosnijder, 2005), which is certaialgo still not solved. The experimental
setup applied in this study aimed to hinder systenearors and their propagation. The design
of the inlet, the flume for runoff measurement ahd monitoring of flow and sediment
transport reduced disturbance to a minimum. Theltesf measurements are also within the
range measured in other experiments (e.g. Knapeh,e2007). This, in combination with
qualitative process observations made during thpemxents, allows us to draw the
conclusion that the source of errors is found ertiodel concepts. It has been shown that the
physical definition of the parameters is not clesse chapter 2: Short history of shear stress,
critical shear stress and transport capacity),thant mostly empirical foundation does not fit
the high temporal and spatial variability of proges within a rill. Different processes take
part in different intensities and this fact caubagh variability in sediment concentration,
transport and detachment rates. But the spatial tamgboral distribution of the different
processes is highly randomly controlled.

Another important fact which can not be handledtihg physically based models is the
heterogeneity in critical shear stress. In thislgtuve performed our experiments on one field

with uniform treatment, so the soil parameters aseconstant as possible. And as a
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consequence, we assumed the critical shear strdss tonstant in our experiments. In the
used typical model, the critical shear stress fopland with a sand content > 30% (at our test
side: about 80%, mainly middle, fine and very fsand) is calculated using the clay and the
very fine sand content and these values are cdngihis assumes a constant critical shear
stress but in reality, this homogeneity is not giv&éhe critical shear stress can also change
between experiments or within one experiment caulsedvetting and drying, sealing and
crusting. These changes can not be reflected bjntuzls.

The results make it clear that there is not a snipkear relation between a single hydraulic
parameter and soil detachment rate. Dependingemtidel purpose and scale, these factors
can be used to predict the magnitude of rill detasht but they are not applicable for the
simulation of rill erosion with high-resolution g and temporal change in processes. A
newer approach is the use of probability densitycfions to predict soil detachment. The
best, although not yet operational, version of #pproach has been developed by Sidorchuk
(Sidorchuk, 2002; Sidorchuk et al., 2004; SidorcH2005 a; Sidorchuk, 2005 b; Sidorchuk et

al., 2008; Sidorchuk, 2009).

5 Conclusion

The results of this study clearly show that the etazbncept of most physical based soil
erosion models is not suitable for modelling rilbsion processes. These models assume a
linear relation between shear stress and soil detant. That means, when input parameters
for calculating shear stress are constant, oragt e a similar range, the erosion parameters
should also be in the same range. In our expersnérydraulic radius, flow velocity, slope
and liquid density showed similar values but theulieng erosion parameters of sediment
concentration, and detachment and transport rat@s gariability values of more than 60 %.
Measured total rill erosion rates are the sum okien rates caused by a combination of

different soil erosion processes with different tggaand temporal distribution. This
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combination can not be described by one single tejuaThere are two different ways to
address this conundrum. The first is to modify #xgsphysical based model concepts so that
different processes can be taken into accountseéleend is to head in a new direction, using
the concept of stochastic soil erosion modelling. both cases, much more field
experimentation will be needed to provide the reggplidata. A big question is whether or not
the experimental setups currently employed carvelelhe required data, or if totally new

experimental setups will need to be developed.
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1

Table 1: Rill descriptors and values by test rill. MP = Measuring Point

Factor Rill 1 Rill 2 Rill 3 Rill 4
@ Slope [] 43 3.1 2 2.9
Max. Slope [ 9.4 5.8 3.1 7.1
Tested flow length [m] 10 14 6 6.5
Maximum width [m] ~ 0.60 ~ 0.60 ~0.25 ~0.25
Maximum depth [m] 0.182 0.189 0.246 0.086
MP 1 position [m] 3 4 15 2

MP 1 slope [ 1.8 3.5 2.8 3.7
MP 2 position [m] 6 7 3 3.5
MP 2 slope [ 4.6 3 3.1 1.6
MP 3 position [m] 9 12 4.5 5

MP 3 slope [ 3.3 2.1 15 1
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1 Table 2: Constant parameters

Parameter Factor Value
Discharge intensity [ L min™] 9

Setup Discharge quantity [L] 72
Discharge time [min] 8
Soil texture Loamy sand
Organic matter [%0] ~2.2
Land use Arable land

Transport Coefficient K; [s* m®® kg®°] 0.0107

Soil Vegetation cover [%0] ~1
Rock fragment cover [%0] ~2
Starting soil moisture [%] ~75
Grain density [g cm™] 2.65
Dry bulk density [g cm™] 1.68
Average precipitation [mm a™] 380
Average annual temperature [C] 19.2
Climate
Evapotranspiration rate [mm a™] 1084
Characterisation Semi arid
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Table 3: Average values of all factors for all experiments. Shear stress 1 includes the
sediment concentration and grain density in the liquid density calculation, shear stress 2 is
calculated using a constant liquid density of 1 g cm™. ¢ = value is calculated, m = value is

measured. SC = Sediment concentration, cap. = capacity, ND = No Data

Factor Unit m/c la 1b 2a 2b 3a 3b 4a 4b
Transport rate kg s'l] c 0.0055 0.0057 0.0112 0.0152 0.0006 0.0004 0.0015 0.0013
SC gL m 16.32 13.53 44.02 37.51 2.56 1.78 10.19 9.41
Detachment rate kgs™m? ¢ 0.0051  0.0054 0.0123  0.0146  0.0007 0.0006  0.0033  0.0037
Transport cap. kg s'l] c 0.0028 0.0028 0.0022 0.0028 0.0008 0.0018 0.0005 0.0009
Cross sectionarea  [cm?] m 377.07  377.07 461.07 461.07 738.87 738.87 121.47  121.47
Volume [m? m 0.34 0.34 0.53 0.53 0.33 0.33 0.06 0.06
Detachment cap. kgs'm? ¢ 0.066 0.066 0.052 0.056 0.026 0.039 0.017 0.025
r-l-factor [m] m 1.27 4.25 6.39 7.95 3.09 4.29 ND 3.34
Runoff intensity [L s'l] m 0.35 0.41 0.28 0.50 0.21 0.34 0.15 0.19
Shear stress 1 [Pa] c 7.17 7.15 5.88 6.24 3.64 4.75 2.77 35
Shear stress 2 [Pa] c 7.09 7.09 5.73 6.12 3.64 4.75 2.76 3.49
Runoff coefficient [%] m 12.68 42.47 45.61 56.78 51.56 71.54 ND 51.33
Hydraulic Radius [em] m 1.28 1.28 1.16 1.19 0.90 1.13 0.74 0.87
Slope 1 m 3.2 3.2 29 2.9 24 24 21 21
Flow velocity [m s'l] m 0.15 0.18 0.16 0.21 0.14 0.17 0.16 0.19
Liquid density [g cm™] m 1.010 1.008 1.027 1.023 1.002 1.001 1.006 1.006
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Table 4: Variability of different runoff and erosion factors, hydraulic and rill parameters. RME
is the relative measurement error. Shear stress 1 includes the sediment concentration and
grain density in the liquid density calculation, shear stress 2 is calculated using a constant

liquid density of 1 g cm™.

Factor Average RME [%]
Transport rate [kg s™] 0.0052 81.7
Sediment Concentration [g L™] 16.9 70.5
Detachment rate [kg s™ m] 0.0057 67.5
Transport capacity [kg s™] 0.0018 455
Cross section area [cm?] 424.6 41.3
Volume [m?] 0.4 40.9

Detachment capacity [kg s* m?]  0.043 38.3

r-I-factor [m] 4.4 36.6
Runoff intensity [L s™] 0.3 31.6
Shear stress 1 [Pa] 51 28.6
Shear stress 2 [Pa] 51 28
Runoff Coefficient [%0] 47.4 25
Hydraulic radius [cm] 1.1 16.4
Slope [ 2.7 14.7
Flow velocity [m s™] 0.2 10.2
Liquid density [g cm™] 1.01 0.7
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Figure 1: Location of the Bardenas Reales

Figure 2: Field with the tested rills. The crawder scale in the photo on the right has a length

of about 1.5m. RE = rill experiment

Figure 3: The relative measurement errors of teeteparameters. Shear stress 1 includes the
sediment concentration and grain density in thaidigdensity calculation, shear stress 2 is

calculated using a constant liquid density of Irg’c

Figure 4. Relationship between transport rate arahsport capacity vs. sediment

concentration. The equilibrium line is shown.
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