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The use of interpolated digital elevation models (DEM) obtained from free low-resolution satellite images
is a typical solution for soil erosion modelling. However, this method may result in loss of surface details,
especially in small catchments. Thus, planialtimetric surveys at the study site may improve quality of
terrain description, although it requires high costs and time. Therefore, this study aims to evaluate the
impact of two DEM sources on the results of a process-based erosion model. The study was developed in
the Lajeado Ferreira creek catchment (1.23 km2) in southern Brazil. Two interpolated 5-m resolution
DEM maps obtained from: (i) remote sensing source Shuttle Radar Topography Mission (SRTM), and
(ii) Beld topographic survey with Global Navigation Satellite System using Real Time Kinematic (GNSS/
RTK); were used as input in the Limburg Soil Erosion Model (LISEM) to simulate runoA and sediment
transport. Two other maps required for modelling were developed from each DEM source: the Cow
direction and drainage network map. Six monitored rainfall events were calibrated for the variables,
timing of peak Cow (Qtime), peak Cow (Qpeak), surface runoA coefBcient (C), total surface runoA volume
(Qtotal) and sediment yield (SY). Most variables calibrated were within the acceptable statistical ranges.
The Qtime and Qpeak simulated for all events were close to the measured values with minor modiBcation of
the input parameters while using GNSS/RTK. However, even in maps with better accuracy of relief
description (GNSS/RTK), the erosion parameters adjusted for calibration were not within an acceptable physical limit. For example, soil cohesion values had to be multiplied for at least eight times their
original value. Hydrograph and sedimentgraph shapes calibration did not reach a satisfactory statistical
level, even with the GNSS/RTK database and the incorporation of relevant features of the landscape
based on local observation. Although GNSS/RTK database resulted in gains for some variables calibrated
with the LISEM model, the advantages were not significant for the conditions of this study.
Keywords. Erosion modelling; SRTM; Cow direction; calibration process.
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1. Introduction
Mathematical modelling of erosion processes
requires great eAort to obtain input data. These
models rely on an array of information, including
the spatial variability of soil properties, surface
characterization, vegetation, and relief description
(Merritt et al. 2003; Sanchez-Moreno et al. 2014).
Erosion process models that use cell grids to represent the physical medium, even with high resolutions, do not accurately and continuously
reproduce the landscape features related to geographical accidents and anthropic activity, such as
slope and Cow direction (De Roo et al. 1996; Hessel
and Van Asch 2003; Wechsler 2007). The magnitude of hydrological and erosive processes is closely
related to characteristics of the relief. Surface
runoA formation is a function of soil and relief
characteristics that commands water inBltration
into the soil (Kaufmann et al. 2014; Liu et al. 2018).
Relief features are responsible for controlling
stream power through ramp length, slope shape,
surface roughness, among others. These features
are represented in a simpliBed manner by cell grids
and average point values assigned to the coverage
area of the cell surface space.
The relief features are derived from the Digital
Elevation Model (DEM) (Djodjic and Villa 2015),
for example, slope, area, aspect, curvature, and
drainage network (Kumar et al. 2017b). DEM can
be obtained from different sources, such as ASTER
GDEM (Advanced Spaceborne Thermal Emission
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and ReCection Radiometer Global Digital Elevation Model), SRTM (Shuttle Radar Topography),
and LIDAR (Light Detection and Ranging). In this
sense, research has sought to explore the sensitivity
and uncertainties of DEMs in hydrological and
erosive process-based modelling (Shen et al. 2013;
Chaplot 2014; Tan et al. 2015; Kumar et al. 2017a).
Hessel (2005) used Limburg Soil Erosion Model
(LISEM) to test different pixel sizes (5–100 m) of
input maps and found that larger pixel sizes
reduced net discharge values and soil loss estimation, slope reduction being one of the factors
responsible for interfering in simulations. This was
also veriBed by Shen et al. (2013), who realized that
coarser resolutions (200 9 200 m maximum resolution) significantly aAected sediment yield modelling. Zhang et al. (2014) studied the uncertainties
of hydros-sedimentological and nutrient modelling
by different DEM resolutions using the model Soil
and Water Assessment Tool (SWAT). The authors
concluded that DEM with resolutions above 100 m
considerably reduced sediment yield. Assessing
river network alignment and boundary delineation
in seven sub-catchments of Gandak river basin
(Kumar et al. 2017b) concluded that the SRTM90m DEM performs well in all aspects, whereas
SRTM-30m and ASTER-30m DEMs resulted in
major errors. The eAect of DEM maps with different resolutions in erosion modelling has been
explored from data interpolation (Kumar et al.
2017a; Mondal et al. 2017). These maps, despite
having higher resolutions, do not include the

Figure 1. Location of the Arvorezinha catchment and equipment distribution.
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eAective representation of topographical variations
and important details to be reproduced from the
study site (Claessens et al. 2005; Mondal et al.
2017).
Remote sensing sources are freely accessible and
a popular choice among users despite their limitations in reproducing landscape details, such as
road constructions (Lidberg et al. 2017). Conversely, the relief features obtained through planialtimetric surveys may increase surface details
and gains in mathematical modelling by better
hydrological and erosive process representation.
Topographic surveying techniques, including
positioning method, Real Time Kinematic (RTK)
obtained by Global Navigation Satellite System
(GNSS) can be used to obtain high spatial resolution results combined with quality and precise
quotas of up to 0.8 cm horizontal and 1.5 cm
vertical positioning. Renschler et al. (2002) evaluated different sources of DEM, Global Positioning System GPS-RTK, Triangular Irregular
Network (TIN), Differential Global Positioning
System (DGPS), and those obtained from aerial
photogrammetry available for free by the US
Geological Survey (USGS). Both DEM sources
were evaluated for runoA simulation and soil loss
at three different scales, being 0.01, 0.5, and 4 ha.
The results show that topographic measurements
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(GPS-RTK, TIN, and DGPS) produced more
accurate predictions of soil loss at all scales. To
evaluate the size and volume of soil loss of a gully
in Southern Spain, between 1980 and 2016, photogrammetric and LiDAR sources were used to
generate, among others, the digital surface models
(DSM) with some points checked in the Beld using
GNSS (Fern
andez et al. 2020). According to the
authors, the manual edition of DSM has made it
possible to detail sectors of the gully that are
important for calculating soil erosion, and at low
cost (Fern
andez et al. 2020).
Topographic surveys may be an alternative to
obtain DEM with high data quality as input for
process-based erosion modelling, with better characterization of relief details. However, such surveys
may increase costs, data acquirement time, human
resources, materials, and computational processing
capacity. Therefore, this study aims to evaluate if
the relief description from a Beld survey can
improve the results of process-based erosion modelling. For this, two DEM sources are compared: a
DEM, obtained by a satellite data source (SRTM)
and a DEM from a high-resolution topographic
survey (GNSS/RTK). Their impacts on soil erosion modelling were evaluated by comparing the
magnitude of change in calibration parameters
between the two map sets.

Figure 2. Indication of the direct connection points between the unpaved roads and drainage network.
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2. Material and methods
2.1 Study site
The Arroio Lajeado Ferreira creek catchment
(1.23 km2) is located in the Arvorezinha municipality, northeastern of Rio Grande do Sul State,
southern Brazil (Bgure 1). The relief in the upper
third of the catchment is undulating, with slopes
up to 7%, and the middle and lower third have a
much steeper topography with slope gradients
often exceeding 15%. The elevation ranges from
575 to 730 m. The climate is classiBed as Cfb
(subtropical super-humid with no dry season and
warm summer) according to K€
oppen (Alvares et al.
2013). The mean annual rainfall for the last years
(2002–2016) is 1938 mm with a mean erosivity of
9344 MJ mm ha1 h1 yr1 (Ramon 2017). The
rainfall is well distributed throughout the year,
although higher surface runoA occurs more frequently during the spring due to high rainfall
intensities.
The soil types are predominantly Acrisols,
Cambisols, and Leptosols (IUSS Working Group
WRB 2015) according to a detailed soil classiBcation survey (1:5000). The spatial and temporal
variability of land use and management were
determined using satellite imagery and GPS navigation. During the period of monitored events
(2011–2013), land use was characterized by an area
of 13.1% with tobacco (Nicotiana tabacum L.),
50.3% of forest area represented by eucalyptus
cultivation (Eucalyptus) and native forest, and
24.1% with soybeans (Glycine max) and maize (Zea
mays). The other 12.5% are distributed into areas
of natural pasture (5.2%), farmhouses (2.6%), and
fallow area (4.7%). Roads were not counted as land
use, although their area in relation to the total
catchment area corresponds to 2.4%.
2.2 Map preparation
The digital elevation models (DEM) were obtained
from two sources:
(i) DEM-SRTM: Digital Elevation Model obtained
by Shuttle Radar Topography Mission.
(ii) DEM-GNSS/RTK: Digital Elevation Model
obtained by planialtimetric survey at the
research site.
The initial map based on satellite imagery has a
spatial resolution of 90 m, which was obtained from
the SRTM database and corrected to 30 m by the
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TOPODATA project (de Morisson Valeriano and
de F
atima Rossetti 2012). For this study, the grid
area was imported into the software QGIS 3.10,
where a small region of interest was extracted and
interpolated a layer with 5 m contours. Then the
Bnal raster was produced from the contours using
the top-to-raster method, resulting in the 5-m pixel
grid. The Cow direction and drainage network
maps were automatically generated using the
algorithm present in the software PcRaster version
4.87 (Karssenberg et al. 2010).
The DEM-GNSS/RTK was created to improve
the description of relief features. For this, a topographic survey was carried out with the use of a
GNSS receiver using Real Time Kinematic (RTK)
(Javad Triumph-1) positioning system. The RTK
survey was performed using a GNSS base receiver
and a mobile GNSS receiver (rover). The base
element was placed in a location with known
coordinates. During the surveying period, the rover
was controlled by the operator at all points of
interest. Readings of 10,500 points were taken
approximately every 5 meters at horizontal distance between points. The operator remained for
3–5 sec at each point to read the altitude data and
geographic positioning (Stop and Go). The RTK
positioning system is highly accurate, since it triangulates wave signals received by Bxed, mobile,
and satellite equipment and generates highly precise altitude dimensions. By using the software
QGIS 3.10, DEM was performed together with
drainage and Cow direction network maps adjusted
by the planialtimetric survey, resulting in a raster
Ble with the Bnal grid of 5 m pixel. The adjustments refer to a previous Beld observation of unpaved road interference on Cow direction networks
(Bgure 2).
Furthermore, many drainage network ramiBcations were observed, which were inserted
into the GNSS/RTK source. The projection
used was SIRGAS 2000 UTM-ZONE 22S. Relief
characteristics and drainage network by
SRTM and GNSS/RTK are shown in Bgure
3(a and b).
The result of the change in Cow direction is
shown in Bgure 4 by the Cow accumulation log for
the DEM-SRTM and DEM-GNSS sources.
2.2.1 DEM comparation
To evaluate the improvement of the DEM from
GNSS/RTK over the DEM interpolated from the
SRTM data, some statistical inferences were
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applied between the models. From the original grid
with 30 m resolution from the TOPODATA
database, a new grid with 5 m resolution was
obtained by simple capture of the elevation values
and interpolated by the inverse distance weighting
(IDW) method. These two models and a third
DEM model from the GNSS/RTK were compared
in the R software using the raster package tool to
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perform a stack Ble with layers corresponding to
the tree digital elevation models. A function to
perform these tasks was to write a simple script
program, where the correlation (R2), root mean
square error (RMSE), ratio of performance to interquartile distance (RPIQ), and median of scaled
differences (MSD) indexes were calculated between
the models.

Figure 3. Contour lines, slope, and drainage network from (a) SRTM and (b) GNSS/RTK.

Figure 4. Flow accumulation log according to the SRTM and the GNSS/RTK digital elevation map in detail with modiBcation of
Cow direction.
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Figure 5. Flow chart of the basic structure of openLISEM: Hydrological processes are in blue and sedimentological processes are
in red (Source: https://blog.utwente.nl/lisem/basic-theory/).
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where yi is the predicted value, fi is the mean of
predicted values, ym is the observed value.
(b) Mean standard deviation:
MSD ¼

X ðy p  y o Þ2
n

where yp is the predicted value, yo is the observed
value, and n the number of observations.
(c) Root mean squared error:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
Pn 
n¼1 y p  y o
RMSE ¼
n
(d) Ratio of performance to interquartile distance
RPIQ ¼

ðq3  q1 Þ
RMSE

where q1 is the Brst quartile, q3 the third quartile
and RMSE is the root mean squared error.

2.3 Monitoring of water and sediment Cow
Rainfall was monitored by two pluviographs and
two rain gauges (Bgure 1). Liquid discharge was
measured at the catchment outlet with a Coat-

operated shaft encoder (Thalimedes-OTT) installed on a Parshall Cume. Water turbidity was
monitored using a turbidimeter and used to estimate the suspended sediment concentration (SSC),
properly calibrated with samples collected during
rainfall events. Both automatic devices performed
readings every 10 min and recorded data in data
loggers. The SSC of the samples collected during
the events was determined by evaporation (Shreve
and Downs 2005) and used to calculate sediment
yield together with liquid discharge. Further
information on monitoring in this catchment can
be found in de Barros (2016), Dalbianco (2013),
Minella (2007), and Moro (2011).
2.4 LISEM model
2.4.1 Model theory
The OpenLISEM model (Version 2.01) was used to
simulate surface runoA and sediment dynamics.
The model is designed to simulate the eAects of
detailed land-use changes or conservation measures
during heavy rainstorms, based on processes and
coupled to a Geographic Information System. The
LISEM model is under continuous development
(University of Twente 2018).
The model is divided into hydrological (e.g.,
rainfall, storage in micro depressions, inBltration,
and surface runoA) and sedimentological processes
(detachment by splash and Cow, transport and
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deposition). Hydrological processes can be simulated alone, although both are mandatory for
sedimentological processes simulations. Figure 5
describes how the model simulates these processes,
and which input parameters are used for each step.
Water and sediment balance processes are calculated for the grid cell itself (1D). Spatial processes are runoA and channel Cow (kinematic
wave) and shallow Cooding from the channel
system (Saint-Venant equations).
A sediment budget is performed for each cell in
which the soil particles that are detached by splash
and surface runoA are summed up. Transport
occurs only by surface runoA and not by splash.
When the sediment concentration coming from
surface runoA and splash is higher than transport
capacity, deposition occurs. Thus, we can estimate
the sediment discharge by equation (1).
e ¼ Ds þ Df  Dp;

ð1Þ

where e represents the sediment discharge; Ds is
the soil detachment by splash; Df is the soil
detachment by surface runoA; and Dp represents
the deposition, all in kg s1.
2.4.2 Input data and parametrization
Input values used were mostly the same as those
used in the previous studies (de Barros et al. 2014;
de Barros 2016). All necessary information is provided in the form of maps, which are entered and
calculated by PcRaster software. The 24 maps
required to run the model, and the parameters and
respective values or ranges attributed for each map
are shown in table 1.
The LISEM model parameterization was based
on two layers, a surface layer (0.0–0.20 m), which is
related to the land use and management, and a
subsurface layer (0.20–1.0 m) that varies according
to the soil type. InBltration and runoA generation
were simulated using the two-layer version of
Green-Ampt model. Furthermore, model parameterization is based on choosing simulation time (Dt)
and cell size (Dx), which in this study was obtained
by the Courant condition. Thus, the Dx was 5 m
and the Dt was 20 sec.
2.4.3 Model calibration
Two calibration strategies were adopted: (1) calibration using drainage network and Cow direction
maps, derived from a DEM-SRTM data source and

later the exchange for the same maps derived from
a DEM-GNSS/RTK data source, keeping the calibration parameters set from DEM-SRTM, (2)
calibration using drainage network and Cow
direction maps, derived from a DEM-GNSS/RTK
data source and later the exchange for DEMSRTM data source keeping the calibration
parameters set from DEM-GNSS/RTK. Thus,
there were total of four simulations for each one of
the six events called: (i) CAL˙MAPSRTM for events
calibrated with the SRTM map set; (ii)
CAL˙MAPGNSS for events calibrated with the
GNSS/RTK map set; (iii) CALSRTMMAPGNSS –
calibrated parameters in simulation (i) were kept
and DEM based maps changed to GNSS/RTK
map set, (iv) CALGNSSMAPSRTM – calibrated
parameters in simulation (ii) were kept and DEM
based maps changed to SRTM map set.
Several authors have chosen not to calibrate the
mathematical model and evaluate their output
responses (runoA, sediment, and nutrient) by
available DEM sources and different spatial resolutions (Romanowicz et al. 2005; Zhang et al.
2014). Other authors have chosen a smaller spatial
resolution (e.g., 30 m) as reference, calibrating and
validating the mathematical model and then evaluating the eAect of different spatial resolutions on
modelling (Shen et al. 2013). In this study, we
chose to calibrate the two sets of maps originated
by two DEM sources and later change each map
with the calibration parameter set for the other.
Calibration was required because even though the
parameters were measured in the Beld or in the
laboratory, some parameters that describe the
processes are inCuenced by the scale eAect (Risse
et al. 1994). For example, if the hydraulic conductivity of the saturated soil (Ksat) value measured with cylindrical rings is maintained, which
ranges from 109 to 601 mm h1 (table 1), the
rainfall intensity must exceed these values for
surface runoA to occur since the model is based on
the Hortanian overland Cow.
Calibration steps required correction of total
runoA and suspended sediment concentration
(SSC) measured, since the model used (LISEM
2.01) simulates only surface runoA and SSC derived
from it (de Barros 2016). A trial and error procedure was used to Bnd the best parameter adjustment. The calibration parameters are divided into
hydrological and erosive processes. Ksat, Manning’s n, and soil roughness (storage in the relief
micro-depressions) parameters were used for
hydrological process calibration. Soil cohesion

Channel

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

1

Leaf area index
Tobacco
Pasture
Forest
Crops/beans
Fraction with vegetation
Height of vegetation
Random soil roughness
Manning’s n coefBcient
Hydraulic conductivity of saturated soil
Total porosity
Matric potential at the wetting front
Initial soil moisture
Aggregate stability
Soil cohesion
Additional cohesion by roots
Median particle size fraction
Digital elevation model
Drainage network
Boundary
Roads
Land use
Soil map
Flow direction
Soil cohesion
Width
Shape
Manning’s n coefBcient

Parameter
0.0–4.1
4
3
0.0–6.8
0.3–1.0
0.0–6.0
4.0–7.6
0.11–0.30
108.9–601.1
0.49–0.58
10.0–5000
0.20–0.55
66–200
21.8–54.5
1.0–10.0
40–60
–
–
–
–
–
–
–
–
2
0
0.2

Value
(range)

kPa
kPa
lm
–
–
–
–
–
–
–
Kpa
m
–
–

–1

m2 m–2
m2 m–2
m2 m–2
m2 m–2
–
m
cm
–
mm h–1
cm3 cm–3
cm
cm3 cm–3

Unit
Field observation
Field observation
Field observation
Literature
Field observation
Field observation
Field observation
Literature
Field/Laboratory
Field/Laboratory
Field/Laboratory
Field/Laboratory
Field observation
Field observation
Literature
Field observation
Field observation
Field observation
Field observation
Field observation
Field observation
Field observation
Field observation
Calibrated
Field observation
Literature
Field observation

Data source

(Pellegrini 2006)
(de Mello 2006)
(Zuluaga 2014)
(Fiorin et al. 2002; de Lima et al. 2010)
(HeifBg et al. 2006; de Mello 2006; Martins 2013)
(Ritchie et al. 1985; de Mello 2006; Martins 2013)
(de Barros 2012)
(Engman 1986; Lourencßão et al. 2006; de Oliveira 2010)
(de Barros 2016)
(de Barros 2016)
(de Barros 2016)
(de Barros 2016)
(Moro 2011)
(de Barros 2016)
(Morgan et al. 1998)
(Moro 2011)
This study
This study
This study
This study
(de Barros 2012; de Barros et al. 2014)
(de Barros 2012)
This study
–
This study
(Jetten 2002)
(Moro 2011)

Reference
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Basic map

Soil

Surface

Vegetation

Map

Table 1. Input maps of the model with the respective values, units of measurement, method of obtaining the data and respective reference.
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(Coh), aggregate stability (AS), and the median
particle diameter (D50) were used to calibrate
erosion processes. These parameters are the most
sensitive, as evidenced by previous studies in this
catchment (de Barros et al. 2014).
2.5 EfBciency analysis
Selected events were statistically evaluated by the
Nash and SutcliAe EDciency coefBcient – COE
(Nash and SutcliAe 1970) and percentage of
Bias–Pbias. The hydrological variables taken as a
reference to statistically evaluate the eAect of the
map set were the timing of peak Cow (Qtime), peak
Cow (Qpeak), surface runoA coefBcient (C), and
total surface runoA volume (Qtotal). In relation to
erosion, sediment yield (SY) was the variable calibrated. The model Bt is better when the Pbias
value is closer to zero. For the hydrological variables, Pbias values \10% are considered ‘very





good’, j10%  Pbias \15% ‘good’, 15% 




Pbias\25% ‘satisfactory’, and  25 ‘unsat

isfactory’. For erosion variables, values \15%




are ‘very good’, 15%  Pbias \30% ‘good’,




30%  Pbias \55% ‘satisfactory’, and


 55 ‘unsatisfactory’ (Moriasi et al. 2007). A
value of 1 for COE indicates a perfect Bt between
the calculated and observed data. Values above
0.75 are considered ‘very good’, between 0.65 and
0.75 ‘good’, and below zero ‘unacceptable’ (Moriasi
et al. 2007).

3. Results
3.1 Generated digital elevation models analysis
Two Bnal DEM models were generated, one with
5 m resolution from SRTM data, and other from
the GNSS/RTK, which are showed in Bgure 6. For
comparison purpose, we show the DEM SRTM
30 m with the original data from the Topodata
database. To explain the differences between the
models, we applied statistical inferences, that is
resumed in table 2.
Table 2 contains a descriptive analysis of the
DEM models tested in this study. A substantial
difference between the maps from GNSS/RTK 5 m
and SRTM 5 m against the SRTM 30m map. The
mean value of DEM from GNSS/RTK was
677.2 m, while for the DEM from SRTM 30m was
670.2 m. The differences between the GNSS/RTK
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and SRTM 5m models are not so evident by the
mean values, but have more amplitude in minimum and maximum values, resulted from the more
detailed relief description from the surveyed
points. The highest RMSE value was observed
between GNSS/RTK and SRTM 30m (8.69), while
between the SRTM 5m and SRTM 30m was lower
(4.65), showing that only interpolation methods
from data sources with low resolutions (30 m) to
more Bne resolutions (5 m) are not sufBcient to
reproduce the small details of the relief. The proBles view (Bgure 6) indicates that small details in
the slopes, only were captured from the Beld level
survey, that in general, are smoothed in the SRTM
data. Is expected that the GNSS/RTK have more
detailed representation of the Beld surface features,
improving the slope and hill length definitions that
can have an impact on the runoA velocities and
erosion calculations by the better stream power
inference.
The DEM from GNSS/RTK was taken as reference in this comparative, considered as the best
choice in terms of quality of elevation quotes. DEM
from SRTM 5m produces a sharper relief, a consequence of the interpolation process with the IDW
method from the original SRTM 30 m dataset.
Areas with abrupt changes in the elevation are
generated due to large horizontal resolution of 30 m
and vertical resolution of 1 m between pixels in this
dataset. On the other side, the DEM from GNSS/
RTK 5m shows a more smoothed surface, resulting
from the high horizontal and vertical resolution
considered from the points surveyed in the Beld,
that provide in the interpolation process, a more
precise surface definition. Figure 6 shows the surface proBle of four different transects in different
positions at the catchment, where the differences in
the surface definition can be observed. The DEM
from GNSS/RTK model can provide a more
detailed relief in positions of the landscape, as
valleys, hills and at the top of landscape, that
contribute to a better hillslope and stream definition, both in horizontal and vertical directions.

3.2 Hydrological and sediment yield calibration
Table 3 presents the multiplier factor for the
parameters calibrated by trial and error until
the best Bt between the hydrological variables and
the sediment yield was found. Ksat was calibrated
by a multiplier factor that ranged from 0.011 to
0.066 of its original value when calibration was
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Figure 6. Maps, histograms, and altitude proBle of some transects in the catchment (DEM GNSS/RTK 5m, DEM SRTM 5m and
DEM SRTM 30m).

performed with CAL˙MAPGNSS. When the CAL˙
MAPSRTM map set was used, the multiplier factor
range was 0.010–0.059 of its original value.
For the adjustment of the time of Qtime, it was
necessary to calibrate the Manning’s n parameter
for the events that occurred on 10/01/2011, 03/12/
2013, and 10/26/2013 when using CAL˙
MAPGNSS. When the events were calibrated with
CAL˙MAPSRTM, Manning’s n was calibrated for
the events 07/20/2011, 01/10/2011, and 03/12/
2013. Only for the event of 03/12/2018 with
CAL˙MAPGNSS, a reduction multiplier factor (0.9)

was used. For the other events, multiplier factors
to increase the original values ([1) were used for
both CAL˙MAPSRTM and CAL˙MAPGNSS base
sources (table 2). Moreover, in the hydrologic
calibration for some rainfall events, the value of
the random roughness was calibrated for the best
setting of Qtime and the Qtotal (table 3).
In relation to SY calibration, the measured soil
cohesion and aggregate stability data were always
changed to values greater than the original value in both
approaches CAL˙MAPSRTM and CAL˙MAPGNSS
(table 3). However, when using CAL˙MAPSRTM,
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Table 2. Statistical properties of the different digital elevation models – DEM (GNSS/RTK 5m,
SRTM 5m and SRTM 30m).
DEM source
GNSS 5m 9 SRTM 5m
GNSS 5m 9 SRTM 30m
SRTM 5m 9 SRTM 30m

R2

RMSE

BIAS

RPIQ

MSD

0.95
0.96
0.97

8.79
8.69
4.65

–6.22
–6.96
–0.75

4.41
4.46
7.72

77.22
75.51
21.67

GNSS/RTK: Global Navigation Satellite System Real Time Kinematic; SRTM: Shuttle Radar
Topography Mission.

Table 3. Multiplier factors for the calibration parameters according to the two calibration strategies CAL˙MAPSRTM and
CAL˙MAPGNSS.
Event
Parameters
GNSS

Ksat
Manning’s n
Random roughness
D50
Soil cohesion
Aggregate stability

07/20/11

10/01/11

07/06/12

03/12/13

09/20/13

10/26/13

0.011
–
–
0.15
400
5

0.042
1.5
–
0.08
50
2

0.066
–
–
0.30
60
2

0.034
0.9
–
0.15
200
4

0.023
–
2.0
0.3
50
3

0.034
1.5
1.6
0.10
8
2

Event
Parameter
SRTM

Ksat
Manning’s n
Random roughness
D50
Soil cohesion
Aggregate stability

07/20/11

10/01/11

07/06/12

03/12/13

09/20/13

10/26/13

0.010
1.6
–
0.20
800
5

0.021
1.8
1.3
0.10
400
4

0.059
–
0.9
0.30
100
2

0.026
1.3
–
0.20
400
4

0.018
–
2
0.50
100
4

0.027
–
1.8
0.20
10
3

GNSS: Global Navigation Satellite System; SRTM: Shuttle Radar Topography Mission; Ksat: hydraulic conductivity of the
saturated soil; D50: median particle diameter.

the values were even higher. For the best adjustment
of the SY value, parameter D50 had to be modiBed.
The multiplier factor of D50 varied between 0.08 and
0.30 for CAL˙MAPGNSS and 0.10 to 0.50 for
CAL˙MAPSRTM.
3.3 Impact analysis of the DEM source
in hydrological and sediment variable
calibration
Calibration results for the four simulations are
shown in table 4, as well as hydrological and sediment yield measured variables by the monitoring.
The major impact of DEM source is in the velocity of the Cow propagation, which is observed
for the Qtime. Except for event 10/01/2011, for all
other events, the Qtime occurred later for
CAL˙MAPSRTM and CALGNSSMAPSRTM than for
CAL˙MAPGNSS and CALSRTMMAPGNSS. The
calibrated values for Qpeak, C, and Qtotal were like

the observed ones when calibrated with both DEM
data sources. However, when the DEM sources are
changed in the next step, the calibrated parameters
remained the same, the CALSRTMMAPGNSS resulted in higher values than CAL˙MAPSRTM, while
the CALGNSSMAPSRTM reduced the values in
relation to CAL˙MAPGNSS (table 4).
Measured and simulated data for SY are
presented in table 4. Both calibration approaches
with CAL˙MAPSRTM and CAL˙MAPGNSS simulated values close to those measured ones except for
the event 07/20/2011. This event was difBcult to
adjust because sediment availability was low
(sediment exhaustion). The same behaviour
observed for hydrological parameters when the
DEM based maps were changed, was observed for
SY. DEM maps based on GNSS/RTK data always
result in higher SY.
Results regarding the statistical analysis for each
simulation are presented in table 5. When using the
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Table 4. Measured and simulated values by the model for the hydrological variables from the dataset via GNSS and SRTM.
Measured
Events
07/20/2011
10/01/2011
07/06/2012
03/12/2013
09/20/2013
10/26/2013

Qtotal
(mm)

C
(%)

Qpeak
(L s1)

Qtime
(min)

SY
t

Qtotal
(mm)

C
(%)

Qpeak
(L s1)

Time
(min)

SY
t

Qtotal
(mm)

C
(%)

Qpeak
(L s1)

Qtime
(min)

SY
t

56
0
1
1
3
1

44
1
1
3
7
4

2403
24
103
84
334
234

920
252
358
230
428
207

24
0
1
0
6
3

48
0
1
1
3
2

38
1
1
3
7
5

2755
26
111
91
351
260

879
222
378
248
310
227

93
0
1
1
3
3

48
0
1
1
4
2

38
2
2
5
8
7

2847
31
153
135
461
368

873
225
372
237
277
163

119
0
1
2
5
7

Measured
Events
07/20/2011
10/01/2011
07/06/2012
03/12/2013
09/20/2013
10/26/2013

CALSRTMMAPGNSS

Simulated CAL˙MAPSRTM

Simulated CAL˙MAPGNSS

CALGNSSMAPSRTM

Qtotal
(mm)

C
(%)

Qpeak
(L s1)

Qtime
(min)

SY
t

Qtotal
(mm)

C
(%)

Qpeak
(L s1)

Qtime
(min)

SY
t

Qtotal
(mm)

C
(%)

Qpeak
(L s1)

Qtime
(min)

SY
t

56
0
1
1
3
1

44
1
1
3
7
4

2403
24
103
84
334
234

920
252
358
230
428
207

24
0
1
0
6
3

45
0
1
1
3
2

35
1
2
3
6
4

2822
18
105
79
342
234

750
258
366
226
282
168

124
0
1
1
5
3

44
0
0
0
2
1

35
1
1
1
4
3

2847
9
51
39
233
165

876
253
390
254
291
207

108
0
0
0
2
2

Qtotal: total surface runoA volume; C: surface runoA coefBcient; Qtime: timing peak Cow; Qpeak: peak Cow; SY: sediment yield.

Table 5. Statistical eDciency analysis of the model simulations.
CAL˙MAPSRTM Pbias (%)
Event
07/20/2011
10/01/2011
07/06/2012
03/12/2013
09/20/2013
10/26/2013

CALSRTMMAPGNSS Pbias (%)

Qtotal

C

Qpeak

Qtime

SY

COE

Qtotal

C

Qpeak

Qtime

SY

COE

–15
0
–12
1
–3
18

–15
0
–12
1
–3
18

15
5
8
8
5
11

–4
–12
5
8
–28
10

294
148
–5
162
–55
34

0.31
–0.82
–4.42
–0.88
–2.02
0.02

–14
59
57
61
22
59

–14
62
58
61
22
59

18
29
48
61
38
57

–5
–11
4
3
–35
–21

405
83
1
505
–13
189

0.27
–1.41
–2.03
–2.08
–1.25
–2.06

CAL˙MAPGNSS Pbias (%)
Event
07/20/2011
10/01/2011
07/06/2012
03/12/2013
09/20/2013
10/26/2013

CALGNSSMAPSRTM Pbias (%)

Qtotal

C

Qpeak

Qtime

SY

COE

Qtotal

C

Qpeak

Qtime

SY

COE

–21
–5
26
–1
–14
3

–21
–3
27
–1
–14
3

17
–28
1
–7
3
0

–18
2
2
–2
–34
–19

424
14
–11
194
–17
10

0.13
–0.61
–2.28
–0.47
–1.53
–0.56

–22
–48
–38
–55
–38
–34

–22
–46
–37
–55
–38
–34

18
–59
–50
–54
–30
–29

–5
1
9
10
–32
0

357
–60
–56
1
–72
–29

0.18
–4.70
–8.36
–2.86
–3.08
–2.60

Qtotal: total surface runoA volume; C: surface runoA coefBcient; Qtime: timing peak Cow; Qpeak: peak Cow; SY: sediment yield;
COE: Nash–SutcliAe coefBcient eDciency; Pbias percent bias.

CAL˙MAPSRTM for calibration, a statistically
satisfactory result was obtained for all hydrological
variables (Qtime, Qpeak, C, and Qtotal) according to
Moriasi et al. (2007). However, this statistical
performance significantly reduces when analyzing
the shape of the hydrograph with the COE, since
only the events that occurred on 07/20/2011 and

10/26/2013 presented values above zero, 0.31, and
0.02, respectively, which were still considered statistically unsatisfactory. Statistical indices Pbias
and COE were even worse for CALSRTMMAPGNSS
(table 5).
Calibration with CAL˙MAPGNSS also presented
statistically satisfactory values for hydrological
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Figure 7. Surface runoA velocity for event 07/06/2012 in six different simulation times using two DEM sources.

variables (table 5). The exception was the variable
Qtime for the event occurred on 09/20/2013, which
presented a Pbias of 34, further from the limit to be
considered satisfactory. The shape of the hydrograph did not reach satisfactory statistical values.
Only event 07/20/2011 presented a non-negative
COE value (0.13). In the simulation with
CALGNSSMAPSRTM, the statistical performance
was worst for Pbias and COE, except on 20/07/
2011 in which COE increased from 0.13 to 0.18
(table 5).
The statistical analysis of SY is presented in
table 5. For the six events simulated with
CAL˙MAPSRTM, the events 07/20/2011, 10/01/
2011, and 03/12/2013 were not statistically

satisfactory
since they presented Pbias values
 


  55 . In the simulation with CALSRTMMAPGNSS,
the Pbias for SY was improved for only one event
(table 5). Simulation with CAL˙MAPGNSS for
events 07/20/2011 and 12/03/2013 was statistically
unsatisfactory (table 5). When the map set was
changed to CALGNSSMAPSRTM, no improvement
was observed for most events except for event
03/12/2013, which resulted in a Pbias value of 1. The
statistical analysis for sediment graph shape is not
presented because the results were unacceptable.
The validation procedure was not possible due to
the low statistical quality of the calibration step and
the change of the input parameters to achieve the
statistical performance presented in the results item.
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4. Discussion
To improve the quality of physical erosion process
description with the LISEM model, a high quality
of relief description is desirable, in terms of elevation, slope, and stream positional definition
(Fern
andez et al. 2020). For that goal, a 5 m pixel
resolution was deBned as the best eAective relationship between computational model performance and possible quality and costs obtained
from a conventional topographic survey, under our
unavailability of more high resolutions survey
methods. The SRTM 30 m map, presents a low
surface quality description, smoothing the surface
along a great extension of area (Kovalchuk et al.
2019). Also, this data calculates the elevation
including the vegetation canopy altitude by the
sensor. Being the catchment cultivated by forest
vegetation and presenting high amplitude of the
relief along a short distance (few meters), this can
promote substantial errors, even when interpolated
to Bne resolutions.
Six rainfall events were calibrated using
CAL˙MAPSRTM and CAL˙MAPGNSS map sets for
the hydrological variables (Qtime, Qpeak, C, and
Qtotal) and sediment yield. Most variables calibrated were within the acceptable ranges statistically according to Moriasi et al. (2007). The
hydrograph representation was not satisfactorily
simulated as presented in the results. The same
was observed for the sedimentgraph (data not
shown), which is probably due to the poor hydrograph simulations (Rodrıguez-Caballero et al.
2015).
Both CAL˙MAPSRTM and CAL˙MAPGNSS were
calibrated by changing the input data original
values. Despite both having changes in calibration
parameters, CAL˙MAPSRTM required greater
changes than CAL˙MAPGNSS. The results of process-based modelling are strongly dependent on the
quality of input data, such as relief data (Geza and
McCray 2008; Kværnø and Stolte 2012; Rahimy
2012), although this information alone is not
enough for modelling complex landscapes (Sanchez-Moreno et al. 2014). In this way, the gains
obtained by the greater representativeness of the
relief were perceptible in the magnitude of the
alteration of the calibration parameters. Therefore,
by evaluating the degree of modiBcation of the
original values during the calibration (table 3), we
concluded that the set of maps (DEM, drainage
network, and Cow direction) originated from
GNSS/RTK would be the most suitable for
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simulations using LISEM, since it requires less
modiBcation of the original values. In this context,
it is important to point out that, because the model
allows calibration with the change of parameters,
many users do not invest in representation of the
physical environment. However, the uncertainty
resulted from the parameters adjusted can be
reduced with a better representation of the physical media by means of more detailed maps.
Hydrologic characteristics of a surface are
derived from DEM, such as the Cow direction and
accumulated Cow. In this way, the in-situ representation of the site through planialtimetric surveys provides improvements to describe the relief
involving important hydrological characteristics.
Therefore, modelling studies with digital elevation
models redeBned by interpolation should be done
carefully as they are less accurate than the original
digital elevation models (Wechsler 2007; Zhang
et al. 2014). Representation of the Cow direction
with the connectivity between the roads and drainage network presented great impact in the simulations in this study. The difference in the velocity
of surface runoA because of the connectivity
addressed in CAL˙MAPGNSS (Bgure 7) is an
example of the impact of better relief representation, which consequently results in lower changes
in the calibration parameters. According to the
calibration of event 07/06/2012 (Bgure 7), a higher
runoA velocity for CAL˙MAPGNSS is observed for
the same instant simulated with CAL˙MAPSRTM,
with higher concentrations on roads. On the other
hand, for CAL˙MAPSRTM, runoA velocity on the
roads was lower despite being concentrated in
certain positions on the slope due to less terrain
roughness described by DEM-SRTM. At minutes
31.7 and 33.3 of simulation (Bgure 7), the processes
can be clearly visualized.
In addition, the variables Qtime and Qpeak were
indications of connectivity eAect between the roads
and drainage network. In other words, Qtime was
boosted and Qpeak increased when the simulation
was performed with CALSRTMMAPGNSS in relation
to the CAL˙MAPSRTM, which accelerates the Cow
propagation velocity towards the outlet of the
catchment. Conversely, the Qtime values were
delayed and Qmax values reduced when the simulation was performed with CALGNSSMAPSRTM in
relation to the CAL˙MAPGNSS, reducing liquid
and consequently solid discharge.
Moreover, the insertion of maps with better
accuracy of relief description (GNSS/RTK) was
not enough for the calibrated values of the erosion
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parameters to be in the margin within an acceptable physical limit. Furthermore, it is necessary to
increment at least 8 times the original value of the
soil cohesion parameter varying between 120.64
and 6032 kPa with CAL˙MAPGNSS and even
higher than when using CAL˙MAPSRTM. The difBculties of calibration and validation of processbased erosion models have been discussed and
reported in the literature (Rodrıguez-Caballero
et al. 2015; Grum et al. 2017).
The search to improve input data for processbased erosion models, especially by the characterization of the relief, has already been indicated by
other researchers as part of the information of great
impact in modelling (Lidberg et al. 2017). However,
the expected results were not achieved in this
study. Even with a DEM based on a local survey
and using relevant features of the landscape based
on local observation, it was not possible to adjust
the hydrographs and sedimentographs in a statistically satisfactory way and with smaller changes of
the calibration parameters in relation to their
original values (table 1).
Only one of the six simulated events is considered of high magnitude, i.e., the Qpeak during the
event was over 800 L s1 (Minella et al. 2018). In
this context, it should be noted that the LISEM
model was developed to simulate runoA and in
Arvorezinha catchment events in fall-winter may
have a contribution of subsurface runoA above 50%
(Robinet et al. 2018). This higher contribution of
sub and base Cow, even with runoA separation,
may impact the quality of the simulations since the
model was developed under high runoA generation
conditions (Drap 1996; StarkloA et al. 2018;
University of Twente 2018). Thus, the sediment
dynamics that are inCuenced by water Cow in the
catchment may also not be well represented. The
detachment Cow equation of the LISEM model
(version 2.01) was developed under conditions of
highly erodible loam soils (University of Twente
2018), while the soils of this study site have similar
granulometric characteristics, but not enough to be
considered loam.

5. Conclusion
The use of a DEM from GNSS/RTK in relation to
SRTM did not significantly improve the simulation
of the hydrological variables Qtotal, Qpeak, Qtime,
and C, as well as SY. However, to achieve
statistically satisfactory indices, the calibration

parameters needed to be modiBed more drastically
when we used the DEM from the SRTM source,
which result in higher uncertainties in relation to
the real erosion and hydrological processes occurred in the catchment. Therefore, studies in which
relief is more complex and interferes with erosive
processes, gains with better description of terrain
features may be relevant in process-based modelling. Besides the limited number of events
analyzed and the conditions of the study site, gains
in soil erosion process modelling are expected with
a better description of landscape features.
Acknowledgements
The authors would like to thank – CNPq, Coordenacßão de Aperfeicßoamento de Pessoal de Nıvel
Superior – CAPES, Financiadora de Estudos e
Projetos – FINEP, government of Rio Grande do
Sul State and Sindicato Interestadual da Ind
ustria
do Tabaco – SindiTabaco for Bnancial support.
Likewise, they thank the Federal University of
Pampa-UNIPAMPA São Gabriel campus for
lending the GNSS/RTK equipment.
Author statement
Cl
audia Alessandra Peixoto de Barros: Conceptualization, methodology, investigation, original
draft preparation, reviewing and editing. Jean
Paolo Gomes Minella: Conceptualization, resources, reviewing and editing, project administration.
Alexandre Augusto Schlesner: Conceptualization,
methodology, original draft preparation, reviewing
and editing. Rafael Ramon: Methodology, original
draft preparation, reviewing and editing. Andr
e
Carlos Copetti: Investigation, resources, reviewing
and editing.
References
Alvares C A, Stape J L and Sentelhas P C et al. 2013 K€
oppen’s
climate classiBcation map for Brazil; Meteorol. Zeitschrift.
22 711–728, https://doi.org/10.1127/0941-2948/2013/0507
Chaplot V 2014 Impact of spatial input data resolution on
hydrological and erosion modelling: Recommendations
from a global assessment; Phys. Chem. Earth. Parts A/B/
C 67–69 23–35, https://doi.org/10.1016/j.pce.2013.09.020.
Claessens L, Heuvelink G B M, Schoorl J M and Veldkamp A
2005 DEM resolution eAects on shallow landslide hazard
and soil redistribution modelling; Earth Surf. Process.
Landf. 30 461–477, https://doi.org/10.1002/esp.1155.

53

Page 16 of 17

Dalbianco L 2013 Simulacßão hidrossedimentol
ogica com o
Modelo LISEM em uma pequena bacia hidrogr
aBca rural;
Universidade Federal de Santa Maria, Santa Maria, RS.
de Barros C A P 2012 Comportamento hidrossedimentol
ogico
de uma bacia hidrogr
aBca rural com t
ecnicas de monitoramento e modelagem, Universidade Federal de Santa Maria,
Santa Maria, RS.
de Barros C A P 2016 Dinamica Dos Escoamentos Na
Modelagem Da Producßão De Sedimentos Em Uma Pequena
Bacia Rural; PhD thesis, Federal University, Santa Maria.
de Barros C A P, Minella J P G, Dalbianco L and Ramon R
2014 Description of hydrological and erosion processes
determined by applying the LISEM model in a rural
catchment in southern Brazil; J. Soils Sediments 14
1298–1310, https://doi.org/10.1007/s11368-014-0903-7.
de Lima C L R, Reinert D J, Reichert J M and Suzuki L E A S
2010 Produtividade de culturas e resistencia a penetracßão
de Argissolo Vermelho sob diferentes manejos; Pesqui
Agropecu Bras 45 89–98, https://doi.org/10.1590/S0100204X2010000100012.
de Mello N A 2006 Efeito do sistema de manejo nos atributos
do solo, movimentacßão de sedimentos e exportacßão de
carbono organico numa bacia rural sob cultura de fumo.
Universidade Federal do Rio Grande do Sul, Porto Alegre,
RS.
de Morisson Valeriano M and de F
atima Rossetti D 2012
Topodata: Brazilian full coverage reBnement of SRTM
data; Appl. Geogr. 32 300–309, https://doi.org/10.1016/j.
apgeog.2011.05.004.
de Oliveira F P 2010 Modelagem do escoamento supercial e da
erosão hıdrica em bacia rural em Arvorezinha, RS, utilizando o WEPP, Universidade Federal do Rio Grande do
Sul, Porto Alegre, RS.
De Roo A P J, Wesseling C G and Ritsema C J 1996 LISEM:
A. I: Theory; Hydrol. Process. 10 1107–1117, https://doi.
org/10.1002/(SICI)1099-1085(199608)10:8%3c1107::AID-HYP
415%3e3.0.CO;2-4.
Djodjic F and Villa A 2015 Distributed, high-resolution
modelling of critical source areas for erosion and phosphorus losses; Ambio 44 241–251, https://doi.org/10.1007/
s13280-014-0618-4.
Drap J 1996 The LISEM project: An introduction; Hydrol.
Process. 10 1021–1025.
Engman E T 1986 Roughness coefBcients for routing surface
runoA; J. Irrig. Drain Eng. 112 39–53, https://doi.org/10.
1061/(ASCE)0733-9437(1986)112:1(39).
Fern
andez T, P
erez-Garcıa J L, G
omez-L
opez J M et al. 2020
Multi-temporal analysis of gully erosion in olive groves by
means of digital elevation models obtained with aerial
photogrammetric and LiDAR data; ISPRS. Int. J. Geo-Inf.
9, https://doi.org/10.3390/ijgi9040260.
Fiorin T T, Carlesso R and Petry M T et al. 2002 Relacß o~es
hidricas e ındice de area foliar do milho cultivado em duas
~ Brasileira de
epocas de semeadura; In: XVI Reuniao
Manejo e Conservacßao
~ do solo e da agua,

Sociedade
Brasileira de Ciencia do Solo, Cuiab
a, MT.
Geza M and McCray J E 2008 EAects of soil data resolution on
SWAT model stream Cow and water quality predictions;
J. Environ. Manag. 88 393–406, https://doi.org/10.1016/j.
jenvman.2007.03.016.
Grum B, Woldearegay K and Hessel R et al. 2017 Assessing
the eAect of water harvesting techniques on event-based

J. Earth Syst. Sci. (2021)130:53
hydrological responses and sediment yield at a catchment
scale in northern Ethiopia using the Limburg Soil Erosion
Model (LISEM); Catena 159 20–34, https://doi.org/10.
1016/j.catena.2017.07.018.
HeifBg L S, Camara G M D S and Marques L A et al. 2006


Fechamento E Indice
De Area
Foliar Da Cultura Da Soja;
Bragantia, Campinas 65 285–295, https://doi.org/10.1590/
S0006-87052006000200010.
Hessel R 2005 EAects of grid cell size and time step length
on simulation results of the Limburg soil erosion model
(LISEM); Hydrol. Process. 19 3037–3049, https://doi.org/
10.1002/hyp.5815.
Hessel R and Van Asch T 2003 Modelling gully erosion for a
small catchment on the Chinese Loess Plateau; Catena 54
131–146, https://doi.org/10.1016/S0341-8162(03)00061-4.
IUSS Working Group WRB 2015 World reference base for soil
resources 2014, update 2015 International soil classiBcation
system for naming soils and creating legends for soil maps;
World Soil. Resources Reports No. 106 FAO, Rome.
Jetten V 2002 Lisem user manual, version 2.x. The
Netherlands.
Karssenberg D, Schmitz O and Salamon P et al. 2010 A
software framework for construction of process-based
stochastic spatio-temporal models and data assimilation;
Environ. Model. Softw. 25 489–502, https://doi.org/10.
1016/j.envsoft.2009.10.004.
Kaufmann V, Pinheiro A and dos Castro N M R et al. 2014
Ruissellement sur des sols soumis a diA
erents modes de
gestion et r
egimes de pluie simul
ee dans le Br
esil m
eridional; Hydrol. Sci. J. 59 2173–2185, https://doi.org/10.
1080/02626667.2014.945454.
Kovalchuk I P, Lukianchuk K A and Bogdanets V A 2019
Assessment of open source digital elevation models (SRTM30, ASTER, ALOS) for erosion processes modelling; J.
Geol. Geogr. Geoecol. 28 95–105, https://doi.org/10.
15421/111911.
Kumar B, Lakshmi V and Patra K C 2017a Evaluating the
uncertainties in the SWAT model outputs due to DEM grid
size and resampling techniques in a large Himalayan river
basin; J. Hydrol. Eng. 22 1–12, https://doi.org/10.1061/
(ASCE)HE.1943-5584.0001569.
Kumar B, Patra K C and Lakshmi V 2017b Error in digital
network and basin area delineation using d8 method: A case
study in a sub-basin of the Ganga; J. Geol. Soc. India 89
65–70, https://doi.org/10.1007/s12594-017-0559-1.
Kværnø S H and Stolte J 2012 EAects of soil physical data
sources on discharge and soil loss simulated by the LISEM
model; Catena 97 137–149, https://doi.org/10.1016/j.
catena.2012.05.001.
Lidberg W, Nilsson M, Lundmark T and 
Agren A M 2017
Evaluating preprocessing methods of digital elevation
models for hydrological modelling; Hydrol. Process. 31
4660–4668, https://doi.org/10.1002/hyp.11385.
Liu Z, Ma D, Hu W and Li X 2018 Land use dependent
variation of soil water inBltration characteristics and their
scale-speciBc controls; Soil. Tillage Res. 178 139–149,
https://doi.org/10.1016/j.still.2018.01.001.
Lourencßão A, Honda E A and Lima W P 2006 Determinacßão
do ındice de rugosidade de Manning em solos sob diferentes
usos atrav
es do m
etodo da microparcela m
ovel; In: Anais
 Internacional De Iniciacßao
~ Cient
Do Simposio
ı Bca Da USP,
Piracicaba.

J. Earth Syst. Sci. (2021)130:53
Martins J D 2013 Modelagem t
ecnica e econ^
omica da irrigacßão
deBcit
aria para diferentes m
etodos de aplicacßão de agua na
cultura do milho, Universidade Federal de Santa Maria,
Santa Maria, RS.
Merritt W S, Letcher R A and Jakeman A J 2003 A review
of erosion and sediment transport models; Environ.
Model. Softw. 18 761–799, https://doi.org/10.1016/S13648152(03)00078-1.
Minella J P G, Merten G H and Barros C A P et al. 2018 Longterm sediment yield from a small catchment in southern
Brazil aAected by land use and soil management changes;
Hydrol. Process. 32 200–211, https://doi.org/10.1002/hyp.
11404.
Minella J P G 2007 Utilizacßão de t
ecnicas hidrossedimentosm
etricas combinadas com a identiBcacßão de fontes de
sedimentos para avaliar o efeito do uso e manejo do solo nos
recursos hıdricos de uma bacia hidrogr
aBca rural no Rio
Grande do Sul; Universidade Federal do Rio Grande do Sul,
Porto Alegre, RS.
Mondal A, Khare D and Kundu S et al. 2017 Uncertainty of
soil erosion modelling using open source high resolution and
aggregated DEMs; Geosci. Frontiers 8 425–436, https://
doi.org/10.1016/j.gsf.2016.03.004.
Moriasi D N, Arnold J G and Van Liew M W et al. 2007 Model
evaluation guidelines for systematic quantiBcation of accuracy in watershed simulations; Trans. ASABE 50 885–900,
https://doi.org/10.13031/2013.23153.
Morgan R P C, Quinton J N and Smith R E et al. 1998 The
European Soil Erosion Model (EUROSEM): Documentation and user guide, http://spider.silsoe.cranBeld.ac.uk/
eurosem/eurosem.htm.
Moro M 2011 Avaliacßão do modelo LISEM na simulacßão dos
processos hidrossedimentol
ogicos de uma pequena bacia
rural localizada nas encostas bas
alticas do Rio Grande do
Sul. Universidade Federal do Rio Grande do Sul; Porto
Alegre, RS.
Nash J E and SutcliAe J V 1970 River Cow forecasting
through conceptual models. Part I: A discussion of principles; J. Hydrol. 10 282–290, https://doi.org/10.1016/00221694(70)90255-6.
Pellegrini A 2006 Sistemas de cultivo da cultura do fumo com
enfase as pr
aticas de manejo e conservacßão do solo,
Universidade Federal de Santa Maria.
Rahimy P 2012 EAects of soil depth spatial variation on runoA
simulation, using the Limburg Soil Erosion Model
(LISEM): A case study in Faucon Catchment, France; Soil
Water Res. 7 52–63.
Ramon R 2017 Kinetic energy measurement of rainfall and
deBning a pluvial index to estimate erosivity in Arvorezinha/RS; Federal. University, Santa Maria.
Renschler C S, Flanagan D C and Engel B A et al. 2002 SitespeciBc decision-making based on RTK GPS survey and six
alternative elevation data sources: Watershed topography
and delineation; Trans. ASAE 45(6) 1883.

Corresponding editor: APARNA SHUKLA

Page 17 of 17 53
Risse L M, Nearing M A and Savabi M R 1994 Determining
the green-ampt eAective hydraulic conductivity from rainfall-runoA data for the WEPP Model; Trans. ASAE 37
411–418, https://doi.org/10.13031/2013.28092.
Ritchie S, Hanway J and Thompson H 1985 How a soybean plant
develops; Iowa State Univ. Sci. Technol. Coop. Ext. Serv. 20.
Robinet J, Minella J P G and de Barros C A P et al. 2018
Impacts of forest conversion and agriculture practices on
water pathways in Southern Brazi; Hydrol. Process. 32
2304–2317, https://doi.org/10.1002/hyp.13155.
Rodrıguez-Caballero E, Cant
on Y and Jetten V 2015 Biological soil crust eAects must be included to accurately model
inBltration and erosion in drylands: An example from
Tabernas Badlands; Geomorphology 241 331–342, https://
doi.org/10.1016/j.geomorph.2015.03.042.
Romanowicz A A, Vanclooster M, Rounsevell M and La
Junesse I 2005 Sensitivity of the SWAT model to the soil
and land use data parametrisation: A case study in the
Thyle catchment, Belgium; Ecol. Modell. 187 27–39,
https://doi.org/10.1016/j.ecolmodel.2005.01.025.
Sanchez-Moreno J F, Jetten V, Mannaerts C M and de Pina
Tavares J 2014 Selecting best mapping strategies for storm
runoA modelling in a mountainous semi-arid area; Earth
Surf. Process. Landf. 39 1030–1048, https://doi.org/10.
1002/esp.3501.
Shen Z Y, Chen L and Liao Q et al. 2013 A comprehensive
study of the eAect of GIS data on hydrology and non-point
source pollution modelling; Agr. Water Manag., https://
doi.org/10.1016/j.agwat.2012.12.005.
Shreve E A and Downs A C 2005 Quality-assurance plan for
the analysis of Cuvial sediment by the U.S. geological
survey kentucky Water Science Center Sediment Laboratory; Geol. Surv. Open-File Rep-1230 35.
StarkloA T, Stolte J and Hessel R et al. 2018 Integrated,
spatial distributed modelling of surface runoA and soil
erosion during winter and spring; Catena 166 147–157,
https://doi.org/10.1016/j.catena.2018.04.001.
Tan M L, Ficklin D L and Dixon B et al. 2015 Impacts of D E
M resolution, source, and resampling technique on SWATsimulated streamCow; Appl. Geogr., https://doi.org/10.
1016/j.apgeog.2015.07.014.
University of Twente 2018 OpenLISEM: Multi-hazard land
surface process model.
Wechsler S P 2007 Uncertainties associated with digital
elevation models for hydrologic applications: A review;
Hydrol. Earth Syst. Sci. 11 1481–1500, https://doi.org/10.
5194/hess-11-1481-2007.
Zhang P, Liu R and Bao Y et al. 2014 Uncertainty of SWAT
model at different DEM resolutions in a large mountainous
watershed; Water. Res. 53 132–144, https://doi.org/10.
1016/j.watres.2014.01.018.
Zuluaga J J P 2014 Hidrologia comparativa em bacias
hidrogr
aBcas com eucalipto e campo, Universidade Federal
de Santa Maria, Santa Maria, RS.

