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ABSTRACT

Land degradation processes start with accelerated runoff and sediment delivery. In this study, rainfall-runoff induced sediment transport is
investigated using data from an indoor laboratory experimental setup consisting of a rainfall simulator and an erosion flume. The data are
analysed to develop empirical models using sediment discharge, slope, flow discharge, rainfall intensity and sediment size. Fine and medium
sands are considered as bare soil in experiments. Four rainfall intensities (45, 65, 85 and 105mmh�1) are applied with combinations of lateral
and longitudinal slopes of 5%, 10%, 15% and 20%. Eighty experiments are conducted. Flow is measured, and sediment within flow is sep-
arated and weighted. Experimental data are used for developing empirical models through multiple regression with parameters optimized by
genetic algorithm. Results show that slope is the main contributing variable to the sediment transport over hillslopes. Accommodating var-
iables among slope, rainfall intensity, flow discharge and median diameter of sediment as independent variables, one-variable, two-variable
and four-variable models are developed considering also that higher number of parameters increases the performance of the model with
higher cost of parameterization. Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

Soil erosion from hillslopes in hydrological watersheds af-
fects land degradation, which is not only an important driv-
ing force affecting the landscape but also one of the most
serious environmental problem that threats the cultivated
soils all over the World (Keesstra et al., 2016b; Prosdocimi
et al., 2016). Land degradation is due to a complex mix of
causes; some may be natural and some human-induced
(Xu & Zhang, 2014; Xie et al., 2015). Increase in soil ero-
sion not only causes soil quality degradation because of loss
of topsoil as a result of soil quality degradation in an irre-
versible direction but also lead to catastrophic floods,
droughts and famine threatening food and environmental se-
curity worldwide (Erkossa et al., 2015; Musinguzi et al.,
2015; Stanchi et al., 2015; Tsozué et al., 2015; Ochoa
et al., 2016). It is important to keep in mind that the trans-
portation of sediment to water bodies is accompanied by loss
of nutrients from farmlands, which results in infertile farm-
lands and eutrophicated freshwater (Vanacker et al., 2003),
meaning also that croplands are lost because of soil erosion
as the soil loss rate is much faster than the soil renewal rate
(Pimentel, 2006; Bravo-Espinosa et al., 2014; Li et al.,
2014; Wang et al., 2016). Because of these concerns, a sci-
entific basis can be established for land management; thus,
the ecological environment and sustainable use of land
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resources can be improved by analysing the relationship be-
tween soil physical properties and land use, and determining
the spatial variability and distribution of soil physical prop-
erties at watershed scale (Wang & Shao, 2013).
Sediment transport consists of motion of soil particles de-

tached by factors such as rainfall, runoff and wind and
transported within flow to be finally deposited at a down-
stream section of the river with a lower topographical slope.
The transportation of pollutants detached to fine sediment
particles eroded from fertile agricultural lands resulting in
water quality problems has increased the importance of ero-
sion and sediment transport by surface flows (Trujillo-
González et al., 2016). From the Hydraulic Engineering
point of view, severe soil erosion led to large amount of sed-
iment discharged into rivers (Palazon et al., 2014; Ben
Slimane et al., 2015; Ferreira et al., 2015) and possibly de-
posited in the reservoir; therefore, it harms dams and reser-
voirs and eventually makes them unusable for their
intended purposes. Therefore, the importance of erosion
and sediment transport is well recognized and has been the
topic of research for many decades for which numerous
computational methods have been developed for quantifica-
tion of sediment transport (Tayfur, 2001; Aksoy & Kavvas,
2005; Wu & Chen, 2012; Pak et al., 2015). For the same rea-
son, understanding better the historical changes of environ-
ment and current status of soil erosion and conservation is
greatly helpful for watershed management, soil erosion con-
trol and ecological restoration (Cerda et al., 2016; Keesstra
et al., 2016a).
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Sediment transport can be studied by analysing a time se-
ries of sediment discharge (Phien & Arbhabhirama, 1979;
Phien, 1981); performing regression analysis (Ziadat &
Taimeh, 2013); employing empirical approaches and tradi-
tional equations (Bogardi, 1974; Garde & Ranga Raju,
1977); monitoring, sampling and surveying (Ziegler et al.,
2001; Araujo et al., 2006; Lieskovsky & Kenderessy,
2014); and using the remote sensing and geographical infor-
mation systems (GIS) (Baban & Yusof, 2001; Leh et al.,
2013; Biswas et al., 2015). In addition, the process-based
distributed modelling approach has been used (Kavvas
et al., 2006; Lieskovsky & Kenderessy, 2014), although in
some cases, a contrasting disagreement has shown between
the estimation made with the models and the erosion rates
found in the field (Boix-Fayos et al., 2005). Also, soft com-
putational techniques such as artificial neural networks
(Tayfur, 2002) were considered for estimation purposes.
Sediment transport models can be either empirical,

conceptual or process-based (Aksoy & Kavvas, 2005).
Empirical models might make estimates of sediment rates
changing within orders of magnitude because of the low
probability of similarity between the study area and the
experimental site from which the data are taken for the
model development. Compared with conceptual and
process-based models, usually, less number of parameters
is used in empirical models. Therefore, a conceptual or a
process-based model might be expected to approach the
reality with a higher cost for parameterization and data
requirement. This becomes a challenge especially in
ungauged basins where there is no sufficient data. An-
other challenge could be related to the transport capacity
of overland flow that initiates erosion and sediment trans-
port within watershed and water courses. Difficulties in
the calibration and validation stages of models are other
issues to be considered (Aksoy, 2015). Despite of all
these challenges and difficulties, sediment transport
models developed at hillslope and watershed scales
(Zhang et al., 1996; Aksoy & Kavvas, 2005; Arguelles
et al., 2014; Zuliziana et al., 2015) have enhanced the
understanding of the mechanism of sediment transport
under varying conditions over the hillslope or water-
sheds. When the GIS technology is combined with the
sediment transport modelling, it is possible to derive an
effective way to map spatial distribution of soil erosion
risks in large areas to be used in assisting conservation
management and land use planning (Mandal & Sharda,
2013; Dai et al., 2015).
As a further contribution to the sediment transport prob-

lem, this study investigates the rainfall-runoff induced sedi-
ment transport mechanism by using data from a rainfall
simulator with an erosion flume filled with bare sand as soil.
Four different rainfall intensities were applied on the flume
with adjustable lateral and longitudinal slopes. In this partic-
ular case, experimental data were analysed to develop em-
pirical regression equations on flow discharge,
topographical slope, rainfall intensity and sediment size for
using in the calculation of sediment discharge.
Copyright © 2016 John Wiley & Sons, Ltd.
MATERIALS AND METHODS

The use of flumes under simulated rainfall is worldwide
known, and it is accepted that they increase the accuracy
and the number of high-quality measurements (Moreno-
Ramón et al., 2014; Lassu et al., 2015; Sadeghi et al.,
2015). Experimental design used in this study [detailed in
Aksoy et al. (2013)] consists of an indoor laboratory rainfall
simulator and an erosion flume (Figure 1a). To ensure uni-
form distribution of rainfall over the flume, the simulator
was equipped (depending on the rainfall intensity) with four
(or five) VeeJet 8030, 8050, 8060 and 8070 type nozzles.
The nozzles were placed 125- to 145-cm apart from each
other depending again on the applied rainfall intensity. The
nozzles were installed on a periodically oscillating bar at a
height of 260 cm from the flume bed to ensure the terminal
velocity of rain drops. Oscillation of the bar is achieved by
a motor, and its periodicity is adjusted by a frequency con-
verter. Water is supplied from a water tank and pumped up
through a main water pipe divided into four (or five) pipes
depending on the number of nozzles used. At the end of
each pipe, VeeJet nozzles are replaced before which
pressure gauges are attached.
The erosion flume is 136-cm wide, 650-cm long and 17-

cm deep. The flume slope can be adjusted for 5%, 10%,
15% and 20% at both lateral and longitudinal directions
(Aksoy et al., 2012). Laboratory flumes with adjustable lat-
eral and longitudinal slopes are very rare in the literature. In
order to conduct experiments, the flume was first filled with
medium-size uniform sand of median diameter 0·45mm.
Four different rainfall intensities were applied; r=45, 65,
85, 105mmh�1. Ten experiments were performed for each
of the rainfall intensities, considering combinations of lateral
and longitudinal slopes (Sy and Sx, respectively) based on the
assumption that longitudinal slope cannot be milder than the
lateral slope. After each experiment, the sand surface is ad-
justed in parallel with the flume slope such that the sand sur-
face slope is assumed to be the same as the flume bed slope.
This means any slope given to the flume is considered to be
the surface slope. After completing all combinations of
slopes and rainfall intensities (40 experiments) for the me-
dium sand, a new series of 40 experiments were performed
for fine sand of 0·15mm median diameter.
The performance evaluation of the network of nozzles to

simulate rainfall was given by Aksoy et al. (2012) who
stated that natural rainfall conditions were simulated with
sufficient accuracy for the purpose of laboratory-scale sedi-
ment transport measurements. Four VeeJet 8030 nozzles
were installed on the oscillating bar for 45mmh�1 of rainfall
intensity and four VeeJet 8050 nozzles for 65mmh�1. Five
VeeJet 8060 and five VeeJet 8070 nozzles were used for
rainfall intensities of 85 and 105mmh�1, respectively. The
number of and the distance between the nozzles were de-
cided to ensure the uniform distribution of rainfall on the
flume. Also, the nozzles were pressurized such that rainfall
sprayed out of each nozzle intersects rainfall of two
neighbouring nozzles to secure uniformly distributed rainfall
LAND DEGRADATION & DEVELOPMENT, 28: 1320–1328 (2017)



Figure 1. (a) Sketch of rainfall simulator and erosion flume, (b) plan view of erosion flume. [Colour figure can be viewed at wileyonlinelibrary.com]
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over the flume. After several initial experiments, characteris-
tics in Table I were found appropriate for the aim of the
study ensuring the uniformity of the rainfall at the desired
intensity.
Spatial uniformity of the rainfall drops is evaluated by

uniformity coefficient (CuC) defined by Christiansen
(1941) in percent as follows:

CuC ¼ 1�
∑
N

1
xi � xb c
Nx

0
BB@

1
CCA100 (1)

in which xi is rainfall amount at location i, x is average
amount of rainfall and N number of points where measure-
ment cups are placed over the flume to collect rainfall. The
CuC is a useful index of spatial uniformity of rainfall. The
more uniform the pattern of rainfall is, the closer CuC ap-
proaches to 100%. A rainfall can be considered uniform
Table I. Nozzle scheme on the oscillating bar and corresponding
rainfall characteristics

VeeJet
nozzle

Nozzle
equivalent
orifice
diameter
(mm)

Pressure
(kPa)

Flowmeter
reading

Rainfall
intensity
(mmh�1)

l min�1 mmh�1

8030 3·4 40 19·7 133·7 45
8050 4·4 42 22·7 154·1 65
8060 4·8 33 27·1 183·9 85
8070 5·2 48 35·6 241·6 105

Copyright © 2016 John Wiley & Sons, Ltd.
when CuC is higher than 80% (Moazed et al., 2010). CuC
changed from 82% to 89% for rainfall patterns in this study.
The raindrop fall height allowed the median size raindrops
to hit the soil with a velocity deviated from the terminal ve-
locity with a relative error between 6% and 15% (Aksoy
et al., 2012). The rainfall granulometry pattern was deter-
mined to calculate raindrop energy when each drop hits the
ground by using the flour pellet method (Kincaid et al.,
1996; Sadeghi et al., 2013).
The upland area in a watershed is formed from natural

slopes with a microtopographical structure that consists
of rills and interrill areas, although in some cases in hy-
drological modelling practice, they are smoothed over the
hillslope (see the ANSWERS model of Beasley et al.,
1980 as an example of no-rilling). Flow characteristics
in a rill and interrill area are different from each other.
Not only flow but also infiltration and sediment transport
is affected by the microtopography. Interrill erosion is a
rainfall dominated process, whereas erosion in the rill is
mostly defined by flow detachment. It has been shown
experimentally by Govindaraju et al. (1992) that erosion
in rills is, at least, one order of magnitude greater than
erosion on interrill areas. Pre-forming the rill before initi-
ating the experiment has already been applied in the liter-
ature (Gilley et al., 1992). Consequently, erosion flume
in this study was constructed to simulate the
microtopography of the hydrological watershed that con-
trols the spatial distribution of overland flow, infiltration
and sediment transport (Kirkby et al., 1998).
In experiments, the sand within the flume was given an

initial microtopography with a triangular cross-section
LAND DEGRADATION & DEVELOPMENT, 28: 1320–1328 (2017)
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igure 3. Scatter plots between volumetric sediment concentration and the
atio of total wet sediment mass to total volume for medium sand
D50 = 0·45mm) and fine sand (D50 = 0·15mm). [Colour figure can be

viewed at wileyonlinelibrary.com]
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rill, 2-cm deep and 26-cm wide contributed by an interrill
area. The rill was longitudinally pre-formed on the right-
hand side of the flume before the rainfall was applied
(Figure 2). The view of the erosion flume (Figure 1b)
corresponds to the rectangular area selected from the
watershed hillslope. With giving a lateral slope to the
erosion flume, most of the interrill area contributes flow
in the rill. The contributing area changes with the lateral
slope given to the flume. A small portion of the interrill
area closer to the downstream part of the flume flows
to the channel directly. Two outlets were therefore
formed on the flume (Figure 1b): outlet 1 is used for
collecting flow from interrill area and rill together while
outlet 2 is used for direct contribution from the interrill
area to the channel (Aksoy et al., 2012).
A while after rainfall was applied on the erosion flume,

soil became saturated, and surface flow was observed in
the rill. No measurement was taken until surface flow
was observed and reached the rill outlet (Outlet 1) of the
flume. Rainfall was applied for 15 more minutes after
the surface flow at the flume outlet was recorded. Mea-
surements were taken by means of cups every 1min or
at time intervals as short as 10–15 s depending on how
fast the cups were filled. Measurements were continued
for 10 more minutes after the rainfall was ceased so that
the recession curve of the hydrograph and sedigraph could
be constructed. The total time span for measurements was
25min.
The cups used for the measurement were left to stay 1 day

at rest for sediment to settle down within the mixture of wa-
ter and sediment. The day after each experiment, the total
volume and total mass were first measured for each mea-
surement cup; water in the cup was poured carefully out,
and wet sediment mass was measured. Regression equations
already developed from earlier experiments between oven-
dry sediment and wet sediment characteristics for medium
and fine sands were used in converting the measured wet
sediment mass to the oven-dry sediment volumetric concen-
tration (Cs), the ratio of oven-dry sediment volume to the to-
tal volume. Figure 3 shows scatter plots between volumetric
sediment concentration and the ratio of total wet sediment
Figure 2. Pre-forming rill before the rainfall application. [Colour figure can
be viewed at wileyonlinelibrary.com]

Copyright © 2016 John Wiley & Sons, Ltd.
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mass (Msed,wet) to the total volume (Vtotal). Regression equa-
tions developed, respectively, for the medium and fine sands
are as follows:

Cs ¼ 100 0:2895Msed;wet=Vtotal
� �

(2)

Cs ¼ 100 0:2912Msed;wet=Vtotal
� �

(3)

Flow discharge (q) in [ml s�1] and sediment discharge (qs)
in [g s�1] were calculated simply by dividing the volume of
flow and mass of sediment, respectively, by the correspond-
ing sampling time interval.

Empirical Models

Sediment transport is related to the transport capacity of
flow that can be determined by using different approaches,
namely, shear stress, stream power and unit stream power
(Tayfur, 2002; Zhang et al., 2009). According to Julien
(2010), sediment transport is a function of the geometry,
flow, fluid and soil characteristics as follows:

qs ¼ func S; q; r; L; ρ; ν;
τc
τ0

� �
(4)

Where: qs is sediment transport, S is surface slope, q is dis-
charge, r is rainfall intensity, L is length of the runoff over
the hillslope, ρ is mass density of fluid, ν is kinematic vis-
cosity of fluid, and τc and τ0 are, respectively, the critical
and applied boundary shear stresses. A relationship consid-
ering the most important variables into account was devel-
oped by Julien & Simons (1985) to accommodate the
effective variables as follows:

qs ¼ αSβ qγ rδ 1� τc
τ0

� �ε

(5)

Where: α is a coefficient and β, γ, δ, ε are exponents to be
determined from laboratory or field experiments. When τc
LAND DEGRADATION & DEVELOPMENT, 28: 1320–1328 (2017)
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is very small compared with τ0, Equation 5 can be expressed
as follows:

qs ¼ αSβ qγ rδ (6)

which is the version addressed by Prosser & Rustomji
(2000) for the sediment transport capacity. From examina-
tion of data from a number of laboratory flume-based, field
plot-based and river-based studies, Prosser & Rustomji
(2000) found that β and γ exponents in Equation (6) were
bounded by 0·5 and 2·0, as lower and upper limits, respec-
tively. When a single value is desired, a median value of
1·4 can be used for both exponents. The sediment transport
capacity (Tc) of overland flow was also found to be propor-
tional to the overland flow discharge (q) only, as Tc~q

γ,
where γ ranged between 1·2–1·5. The sediment concentra-
tion (Cs) in the runoff becomes Cs~qγ�1 (Novotny &
Chesters, 1989). Abrahams et al. (1998) obtained a regres-
sion equation for the transport capacity of overland flow
by combining results of laboratory experiments and pointed
out that the transport capacity is a challenging issue in the
sediment transport models. Although it has been shown in
some cases that models may not behave considerably differ-
ent from each other when different transport capacity equa-
tions are used (Haregeweyn et al., 2013), selection of the
transport capacity equation is a major issue in the develop-
ment of the sediment transport models.
In this study, regression-based empirical models were de-

veloped for sediment transport as an analogy to the sediment
transport capacity equations. For this aim, a simple correlation
analysis is made between the affecting variables; the depen-
dent variable, qs, and the independent variables, S, q, r and
D50 as shown in Table II. Different combinations of indepen-
dent variables are used in order to estimate sediment discharge
(qs). As an additional independent variable, the median parti-
cle diameter (D50) should be noticed. Significance of the
models and model parameters is tested with the F-tests and
t-tests, respectively. When the F (or t) statistics calculated
for each model (or parameter) is larger than the corresponding
critical value, the model (or parameter) is considered signifi-
cant. The tests show that all independent variables in
Table II have significant contribution to the variability in the
dependent variable, thus all should be included in the regres-
sion model. By setting the critical significance value at
0 · 10, Models 1–4 are, respectively, proposed as follows:

qs ¼ αSβ (7)

qs ¼ αSβrδ (8)
Table II. Correlation coefficients between the variables considered
(boldface numbers show statistically significant relationships at
significance level of 0·05)

qs S q r

S 0·800
q 0·841 0·450
r 0·444 0·000 0·787
D50 �0·138 0·000 0·004 �0·000

Copyright © 2016 John Wiley & Sons, Ltd.
qs ¼ αSβqγ (9)

qs ¼ αSβqγrδDθ
50 (10)

in which S is the resultant surface slope in the flow direction
to be computed using

S ¼ S2x þ S2y
� �1=2

(11)

as given by Tayfur (2001).

Optimization of Model Parameters by Genetic Algorithm

Genetic algorithm (GA) as a nonlinear search and optimiza-
tion method inspired by biological processes of natural se-
lection and the survival of the fittest was used for the
optimization of the model parameters. GA makes relatively
few assumptions and do not rely on any mathematical prop-
erties of the functions such as differentiability and continu-
ity, and this makes it more generally applicable and robust
(Liong et al., 1995; Goldberg, 1989). Basic units of GA con-
sist of ‘bit’, ‘gene’, ‘chromosome’ and ‘gene pool’. Gene
consisting of bits [0 and 1] represents a model parameter
(or a decision variable) to be optimized. The combination
of genes forms the chromosome, each of which is a possible
solution for each variable. Finally, set of chromosomes form
the gene pool. The main GA operations basically consist of
‘generation of initial gene pool’, ‘evaluation of fitness for
each chromosome’, ‘selection’, ‘cross-over’ and ‘mutation’.
The details of GA can be obtained from Goldberg (1989)
and Tayfur (2012), among others.
Genetic algorithm can minimize (or maximize) an objec-

tive function under some specified constraints. For the pur-
pose of this study, the GA was employed to obtain optimal
values of the parameters and coefficients of the models as
in Equations (7–10) by minimizing the mean absolute error
(MAE) objective function:

MAE ¼ 1
N
∑
N

1
qSmodel

� qSmeasured

�� �� (12)

where N is number of observations, qSmodel
is model-produced

sediment discharge and qSmeasured
is measured sediment

discharge.
RESULTS AND DISCUSSION

Developed models were calibrated and validated by
employing the GA optimization method for the aim of
obtaining optimal values of the coefficients and exponents
(α, β, γ, δ, θ) in the proposed regression models (Equations
7–10). Experimental data collected from the rainfall simu-
lator and erosion flume were considered for this aim. Ran-
domly selected 64 out of 80 experimental data were used
at the calibration stage of each model in Table III to as-
sign optimal values for the coefficients and exponents.
Data from the remaining 16 experiments were used for
the purpose of validation. As the performance measures,
the coefficient of determination, R2, MAE and root mean
LAND DEGRADATION & DEVELOPMENT, 28: 1320–1328 (2017)



Table III. Calibrated model parameters and performance characteristics for calibration and validation stages

Model Equation Parameters Calibration Validation

α β γ δ θ R2 RMSE MAE R2 RMSE MAE

1 qs= αS
β 0·805 1·674 0·61 50·2 37·5 0·82 45·9 32·6

2 qs= αS
βrδ 0·027 1·644 0·838 0·87 28·3 21·9 0·95 22·0 18·5

3 qs= αS
βqγ 0·073 1·081 0·919 0·95 18·4 13·8 0·96 22·1 16·5

4 qs= αS
βqγrδD50

θ 0·036 1·146 0·899 0·073 �0·194 0·97 13·6 10·7 0·98 14·5 10·9

igure 4. Scatter diagrams of measured and estimated sediment trans-
ort rates using calibration data for (a) Model 1, (b) Model 2, (c)
odel 3, and (d) Model 4. [Colour figure can be viewed at

wileyonlinelibrary.com]
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square error (RMSE) were also given in Table III from
which it is seen that increasing number of parameters
increases the performance of the model with higher cost
of parameterization. This has been the case in both the
calibration and validation stages.
In Model 1, only topographical slope is considered as the

factor affecting sediment transport with which about two-
thirds of the variance is explained at the calibration stage
and more than 80% at the validation. This points the topog-
raphy as a key factor in controlling soil processes due to the
fact that soil loss generally increases as slope steepness in-
creases (Seutloali & Beckedahl, 2015; Arjmand Sajjadi &
Mahmoodabadi, 2015; Pereira et al., 2016; Vaezi et al.,
2016). In an earlier example, Cerda & Garcia-Fayos
(1997) demonstrated the influence of slope on sediment
and found that as slope increases, overland flow velocity in-
creases such that the greater surface velocity increases the
erosive power and the flow transport capacity to carry sedi-
ments. Therefore, slope has a clear positive effect in control-
ling soil erodibility and erosion rates (Cerda & Garcia-
Fayos, 1997); thus, in general, sediment discharge increases
as the slope increases. The slope is a key factor also in the
transport capacity of overland flow (Prosser & Rustomji,
2000; Haregeweyn et al., 2013). The experimental setup in
this study can be given both longitudinal and lateral slopes
as explained earlier. Using experimental data from this
setup, Aksoy et al. (2013) found that slope affected sedi-
ment discharge and concentration; longitudinal slope being
more effective than the lateral slope.
Models 2 and 3 with two independent variables each, S

and r for Model 2 (Equation 8) and S and q for Model 3
(Equation 9), show better performances than Model 1 with
the additional variable. Explained variance increased to
87% and 95% for Models 2 and 3, respectively, at the cali-
bration stage, and both models performed almost similarly
at the validation in terms of the explained variance. Higher
R2 and lower RMSE and MAE of Model 3 compared with
Model 2 give slightly higher impact to discharge against
rainfall intensity as an independent variable in addition to
the topographical slope, thus show that flow discharge is
more definitive than rainfall intensity in the estimation of
sediment transport. This has been shown by Grismer
(2011) who found that runoff was sensitive to the slope
change to become a dominant erosive agent beyond some
threshold inclination. Finally, as flow discharge (q) and
slope are found to be the most dominating variables and q
is a function of the upslope contributing area, it can be stated
Copyright © 2016 John Wiley & Sons, Ltd.
that sediment discharge is evaluated completely by topo-
graphic factors.
When the four-variable Model 4 is considered, its perfor-

mance becomes the highest among the proposed models un-
like the one-variable Model 1 with the worst performance.
This is an expected result because of the higher number of
parameters involved in the former model and less in the lat-
ter. Higher number of parameters makes the model less par-
simonious for which higher cost of parameterization
becomes unavoidable in terms of statistical errors to be
made in the estimation of each parameter. Models do not of-
fer a considerable improvement in estimating qs when D50 is
added to Equations (8 and 9). As can be seen in Table II,
correlation coefficient between D50 and qs is already low.
However, when all independent variables are used in the
model, without considering the interdependence, D50 be-
comes significant and therefore it appears in Equation 10.
Scatter plots of the simulated sediment transport rates (qs)

(Equations 7–10) versus the experimental observations are
presented in Figure 4 for the calibration stage of each model.
It is seen that the best estimations are obtained by the use of
Model 4 (Equation 10) and Model 3 (Equation 9) with the
determination coefficients of 0·97 and 0·95, respectively
(Table III). As stated before, the performance of the models
F
p
M
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Figure 5. Scatter diagrams of measured and estimated sediment trans-
port rates using validation data for (a) Model 1, (b) Model 2, (c) Model
3, and (d) Model 4. [Colour figure can be viewed at wileyonlinelibrary.

com]
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increases as higher number of parameters is used in the
model structure. Employing only the slope as the indepen-
dent variable (Model 1, Equation 7) does not provide, al-
though sufficient, good results (Figure 4a). However, it is
important to mention that it is simpler than the other three
models because the only variable required is the easily avail-
able topographical slope. Figure 4b shows that Model 2 pro-
vides better estimations than Model 1 by using slope (S) and
rainfall intensity (r) as independent variables, which are both
relatively easier to measure than the flow discharge and the
sediment granulometry, that is, the median diameter. Model
3, which is based on the slope and flow discharge, provides
fairly good estimates (Figure 4c). Estimations become much
better when rainfall and particle diameter were also incorpo-
rated into the model (Model 4, Figure 4d).
Figure 5 shows the sediment estimation at the valida-

tion stage for each model to be considered together with
the performance criteria in Table III. When the perfor-
mance criteria are considered, the order of the perfor-
mance of Models 1–4 (Equations 7–10) stays the same
as in the calibration stage, that is, the best performance
was shown by Model 4 (Equation 10) with the highest
number of independent variables while the worst case
was obtained by Model 1 (Equation 7) with the least
number of independent variables. Adding rainfall inten-
sity to the slope in Model 2 (Equation 8) made a signif-
icant change (Figure 5b, Table III) compared with Model
1 (Equation 7). Adding discharge along with slope into
the independent variables of the model provides much
better results compared with Model 2. The distribution
of data is fairly good around the best-fit line. However,
including D50 along with the other three independent var-
iables further improved the results.
Copyright © 2016 John Wiley & Sons, Ltd.
Despite their good performance, the applicability of the
developed models should be considered within the range
of experimental data. Therefore, for the future, it is possible
to extend the applicability of the models by conducting ex-
periments to obtain data within a wider range. The range
of the soil size and its non-cohesiveness has the most impor-
tant impact in the applicability of the models. Therefore, fu-
ture studies can be considered to be scheduled for
experiments using cohesive or non-cohesive soils within a
wider range of size.
CONCLUSION

Based on rainfall-runoff induced sediment transport experi-
mental data within an intensity range of rainfall applied on
bare soil simulated by uniform sand in a laboratory erosion
flume with adjustable longitudinal and lateral slopes, four
empirical models that use slope, flow discharge, rainfall in-
tensity and sediment size either individually or combined
are developed. Slope was found to be a unique independent
variable when a one-variable equation is considered. The
performance of the slope-dependent model is found promis-
ing. Rainfall intensity or flow rate can be considered as the
second independent variable in addition to the slope for a
better performance, flow discharge being more definitive
than the rainfall intensity in quantifying the sediment dis-
charge. Best performance is obtained by the least parsimoni-
ous four-variable model; however, it is important to notice
that higher cost in terms of parameterization is needed. It
is also important to note that the developed models are all
empirical and valid only for the range of experimental data
used in this study. The models should not be extrapolated
beyond the lower and upper limits of the data set considered.
Experiments on a wider ranges of sediment size, rainfall in-
tensity and slopes can be conducted for the generalization of
results and concluding remarks of this study.
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