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Abstract

Soil erosion is a serious environmental problem that is associated with societal
impacts including flooding, poor water quality, and loss of plant nutrient leading to
low agricultural productivity. Soil erosion wears away the top soil and is controlled
by the interaction between several factors including rainfall, steepness of slope,
length of slope, vegetation cover, and land management practices. This study
developed Geographic Information System (GIS) graphical model based on the
Revised Universal Soil Loss Equation (RUSLE), to calculate soil loss in the Asokore
Mampong Municipality of the Ashanti region, Ghana. The estimated soil loss was
examined the spatial patterns of soil loss and intensity per areas, as an important
method for proper planning of management measures. The graphical model was
developed using the popular open source GIS software, QGIS, ensuring the
availability of the model, automation for any specific area, and its execution to the
general public. Data sources used include Digital Elevation Model (DEM) derived
from ASTER (Advanced Spaceborne Thermal Emission and Reflection
Radiometer), soil properties data obtained from the Global Soil Grids, land cover
data from the Global Land Cover by National Mapping Organization (GLCNMO),
NDVI (normalized difference vegetation index) data from MODIS (MOD13Q1, 16
Day), and rainfall data from GPCC version 7 (Global Precipitation Climatology
Centre). Our results show high levels of soil loss (in tons per hectare per year) in
the Municipality, with the capability to spatially target mitigation measures leading
to cost effective environmental management.

Keywords: Soil erosion, Revised Universal Soil Loss Equation (RUSLE), GIS,
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Soil erosion refers to the destruction, separation,
removal and sedimentation of the earth’s surface, soil
and its parent material caused by water, wind, icying
and defrosting, gravity and other external forces
(Meyer, 1984). Soil erosion is a naturally occurring
process that causes detachment and transport of soil
materials by the erosive and transport agents: wind
and water Foster et al. (2002). Soil erosion to water
is triggered by a complex interaction process of many
factors such as natural (climate, topography, soil,
vegetation) and anthropogenic (tillage systems, soil
conservation measures, overgrazing and
deforestation Raissouni et al. (2012); Anurogo and
Lubis (2018). A diversity of events dislocates the land
surface of the earth, and thereby alter natural erosion
rates. Estimation of potential soil loss is a critical step
to realize soil management measures and attainment
of reliable predictions of their efficiency in an area.
Soil loss has been a threat to most nations worldwide.
An intense soil loss can result in flooding, affect water
quality, lead to loss of plant nutrient and hence low
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agricultural productivity. It consequently, dislocates
people off their lands for settlement, agriculture, and
industries. This infers that, there is a necessity to
have specific evidence on soil erosion to support
timely information for decision makers and land
managers to select the right soil conservation
methods. As diverse portions of the landscape vary
in sensitivity to erosion through variances in their
slope, soil and land use and cover characteristics, it
is essential to spatially estimate rates of soil loss and
develop a potential soil loss map of the study area
using RUSLE within a GIS environment, which is
needed to identify vulnerable areas and prioritize
locations for specific soil conservation plans.

1.1 Problem description

Soil erosion has caused a lot of environmental
and ecological problems such as land degradation,
soil fertility loss, river siltation, making it a global
investigation attention. Since the 1950s, to measure
soil loss and determine its menace, several soil
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erosion models were established based on
measured information or the outcomes of earlier
studies, and several study results were attained
using Geographical Information Systems (GIS)
Fujaco et al. (2016), (Joshi, 2018), Le Van Bien et al.
(2014). One of the most applied models to estimate
soil erosion is the Universal Soil Loss Equation
(USLE) and its modified version the Revised
Universal Soil Loss Equation (RUSLE) (Roose,
1975), (Wischmeier, 1978). Soil erosion is a catalyst
to several environmental problems: decreased land
productivity, challenges to agricultural sustainability,
degradation of soil and water quality, and indirect
pollution of the environment through the transport of
contaminants such as agricultural and industrial
waste attached to sediments to other parts of the
environment and the water network [8]. Some of
these problems are presently witnessed in the
Asokore Mampong Municipality, the area of
investigation for this study. A recent report shows that
about 45% of the Municipality is affected by
considerable sheet erosion and about 20% of the
land area suffers severe sheet erosion (Amma,
2017).

Accordingly, this study provides the potential risks
posed by erosion to both the environment and the
populace by spatially identifying the areas that are
likely to be affected by erosion and the extent to
which they are affected. This is done by using various
factors that determine the rate and intensity of
erosion in the Municipality. These factors based on
RULSE include: soil erodibility defined using soll
properties such as soil texture, structure and organic
matter content, rainfall erosivity based on rainfall
amount, frequency and intensity, terrain based on
slope length and steepness, and land cover use and
practice. These factors were then integrated using
the RULSE framework to model soil erosion and its
mapping of high erosion risks. The resulting soil loss
was analyzed in relation to the land use pattern,
topography of the terrain, soil and rainfall distribution.
The GIS capability allows the evaluation of spatial
relationships between these factors and the spatial
targeting of soil loss to identify critical locations. This
provides the pattern of soil erosion in a methodical
way and provide a reference basis for soil loss
prevention in Asokore Mampong Municipality.

2. Materials and Methods
2.1. Study Area and data sets

The study area covers the Asokore Mampong
Municipality in the Ashanti Region of Ghana, shown
in Figure 1. Asokore Mampong Municipality covers a
total land area of 24 km2 and itis located in the North-
Eastern part of Kumasi Metropolis (GSS, 2018). It
shares boundaries with Kumasi Metropolitan
Assembly (KMA) to the East, South and West,
Kwabre East District to the North-West and Ejisu
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Juabeng Municipal Assembly to the North-East. The
general topography of Asokore Mampong
Municipality is undulating, characterized by lowlands
and highlands. The Aboabo River, Parko and Wewe
streams are the main water bodies weaving through
the municipality (GSS, 2014). The average minimum
temperature is about 21.5 degrees Celsius and the
maximum average temperature is 35.7 degrees
Celsius. In general, the total annual rainfall is about
214.3mm in June and 165.2mm in September, which
have a direct effect on soil loss (Ghana, 2012),
(Ghana, 2014).

This study integrates measurable variables to
estimate soil loss in a GIS environment. These
variables were derived from several data sets
including Digital Terrain Model (DEM) from Advanced
Spaceborne Thermal Emission and Refection
Radiometer (ASTER), and rainfall data from Global
Precipitation Climatology Center (GPCC version 7).
The soil properties data were obtained from the
Global Soil Grid, land cover data from the Global
Land cover by national mapping organization
(GLCNMO), and the Normalized Difference
Vegetation Index (NDVI) data from MODIS
(MOD13Q1,16 Day).

Map of Asokore Mampong
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Figure 1. Map of Asokore Mampong municipality showing
road networks and key landmarks

2.2. The Revised Universal Soil Loss
Equation (RUSLE)

The factors in the RUSLE model include rainfall
erosivity, soil erodibility, slope length and steepness,
vegetation cover and management, and supporting
practices (Roose, 1975), Wischmeier and Smith
(1965). The revised universal soil loss equation
(RUSLE) employed for this investigation Renard et
al. (1997), Wischmeier and Smith (1978). In the
RUSLE model, the average annual rate of soil loss
can be estimated, and the spatial distribution of the
soil erosion risk map can be established in a GIS
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environment. The study considered RUSLE model
the most appropriate tool that can be used to predict
soil erosion loss based on the available data in
Asokore Mampong Municipality. The RUSLE model
represents how rainfall, topography, soil and land use
affect rill and sheet soil erosion caused by raindrop
impact and surface runoff Renard et al. (1997), Sinha
and Regulwar (2015). That is, RUSLE is limited to rill
and sheet type of erosion, where the rate of surface
runoff is excessive enough to displace soil particles
in addition to those removed by rainfall. RULSE has
been extensively used empirical model to assess soil
erosion loss, to estimate soil erosion risk and to guide
soil conservation plans to control soil erosion
Millward and Mersey (1999), Prasannakumar et al.
(2012). The RULSE framework is defined by the
expression in Equation 1. The constituent variables
are described in detail in the sections below.

Equation : E=R*K*L*S*C* P

E is average annual soil loss (tones/year)

R is the rainfall erosivity factor

K is the soil erodibility factor

L is the slope length factor

S is the slope steepness factor

C is the cover management factor

P is support practice factor.

2.2.1. Rainfall Erosivity

The rainfall erosivity factor (R-factor) is used to
measure the ability of rainfall to cause soil loss under
different conditions. It represents the soil erosion
potential that is caused by rainfall. The rainfall data
which was obtained from the Global Precipitation
Climatology Center (GPCC version 7) was used to
compute the R-factor using an equation: R = 0.5*P
(Roose, 1975), where P is the average annual rainfall
(mm/year). The average annual rainfall was
estimated from a 30-year period of yearly mean
precipitation datasets from 1987 to 2016, compiled
from precipitation records covering the Municipality.

2.2.2. Soil Erodibility

The soil erodibility factor (K-factor) is an empirical
index that indicates the vulnerability of soil to rainfall
and runoff detachment and transport based on soil
texture, permeability and organic matter content. It
thus reflects the ease with which the soil is removed
by surface runoff during rainfall and/or by surface
flow. It denotes the average soil loss per ton per acre
per unit area for a particular type of soil. The K-factor
was computed using the soil-erodibility equation; K=
2.173 [(2.1 *10"-4* M~1.14 *(12-a)) + (3.25*(b-2)) +
(2.5*(c-3))] /100 developed in Wischmeier and Smith
(1978), Wischmeier and Smith (1962), (Wischmeier,
1959), Belasri et al. (2017). The soil erodibility factor
comprises four soil profile parameters which include;
M = (% silt + very fine sand) *(100 — % clay), a = %
organic matter, b = soil structure code and ¢ =
permeability class number. The above parameters
were used to obtain the K-factor for the soil in the
study area Belasri et al. (2017).

2.2.3. Slope Length and Steepness

LS-Factor in the RUSLE model, is the effect of
topography on erosion which is accounted for by the
slope length (L) and the slope steepness (S). The L
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factor is defined as the distance from the source of
runoff to the point where either deposition begins, or
runoff enters a well-defined channel that may be part
of a drainage network. The S factor indicates the
impact of slope steepness on erosion (Wischmeier,
1959), Wischmeier and Smith (1962), Wischmeier
and Smith (1978). To compute the LS factor, Digital
Elevation Model (DEM) obtained from (ASTER -
Advanced Spaceborne Thermal Emission &
Reflection  Radiometer), was directly used in the
graphical modeler in QGIS.

2.2.4. Cover Management

The cover and management factor (C-factor) is
an index that shows how crop management and land
cover affect soil erodibility. It accounts for all
interconnected land cover and management
practices Reenard et al. (1997). It is used to indicate
the collective effects of reduction of runoff rate and
protection of surface pores, of plants and soil cover
as well as those of all other interconnected cover and
management practices (Karaburun, 2010). The C-
Factor was derived using the Normalize Difference
Vegetation index (NDVI) data from (MODIS (MODIS
13Q1, 16 Day)). An average for the NDVI data was
computed using the formula; C-factor = 0.431 —
0.805*NDVI, developed by (De Jong, 1994).

2.2.5. P-Factor

The factor P in the RUSLE is the fraction of soll
loss per a precise support practice to the equivalent
loss by up and down slope tillage Renard et al.
(1997). The P values are between 0 and 1, where a
value of 1 is when the land is tilled on the slope
directly, and a value less than 1 is when the adopted
conservation practice reduces soil erosion. Due to
lack of data on conservation practices in the area
under consideration, this study applies a P-factor of
1 over the entire study area.

2.3. The RUSLE workflow in QGIS

The methodology used in the study integrates the
RUSLE into a GIS environment, specifically using
QGIS. The QGIS is an open source GIS software fully
featured with geospatial algorithms, integrated with
established geocomputation platforms such as
GRASS (Geographic Resource Analysis Support
System), SAGA (System for Automated Geoscientific
Analyses). QGIS was used to generate and process
raster data sets for the individual input variables for
RUSLE. A key facility of QGIS is the graphical
modeler, a workflow development environment which
allows access to data and geoprocessing functions
and algorithms simultaneously. The graphical
modeler  facilitates  complex  geoprocessing
workflows without resorting to programming,
visualization of the workflows, and the execution of a
sequence of multiple geoprocessing tasks to obtain a
final output.

The graphical modeler for RUSLE workflow which is
developed in QGIS by study is presented in Figure 2.
The purple-colored boxes represent input data sets,
the clear-colored or transparent boxes indicate
geoprocessing algorithms/functions, and the blue-
colored boxes represent geoprocessing outputs that
are saved to file. Accordingly, the RUSLE workflow
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takes data inputs including the DEM, proportions of
sand, silt, clay and organic matter, soil structure
code, permeability number, land cover management,
NDVI, and rainfall. The resulting outputs include M-
factor (for soil), K-factor, P-factor, C-factor, R-factor,
and the final soil loss (erosion). The RUSLE workflow
was implemented in this study to estimate the
average annual soil loss from the area, thus
automating the RUSLE procedure.

& covea vt

+ wpacron
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Figure 2.The graphical modeler in QGIS, showing the
RUSLE workflow to estimate soil erosion

The resulting user interface generated from the
graphical modeler in QGIS is presented in Figure 3.
The user interface allows the user to specify the
above data inputs and file paths for the RUSLE
outputs, after which the program is executed to
populate the outputs. This automation allows the
input of various data sets for the calculation of the
individual factors and provides the output for the
individual features when executed.

Z RUSLE002 7 X

Parameters  Log  Help Run as batch process...

RAINFALL

C_fac [EPSG:32630] -l
suT

C_fac [EPSG:32630] |l
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ORGANIC_MATTER
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C_FACTOR

[4 Open cutput file after running algorithm
EROSION

Figure 3. The user interface for the RUSLE workflow
generated from the graphical modeler in QGIS
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3. Results and Discussion
3.1. Estimation of soil erosion

The annual amount of soil loss to erosion in the
Asokore Mampong Municipality was computed using
RUSLE. The RUSLE layers derived for R, K, LS, C
and P factors were integrated within the raster
calculator option of the QGIS in order to calculate the
soil erosion risk and severity map for the Asokore
Mampong Municipality. The impact of environmental
factors on spatial distribution of soil erosion loss
including landscape units, elevation, gradient, and
land use/cover were examined and evaluated. The
results of the individual factors R, K, LS, C, P that are
used to estimate the soil loss are presented in the
following sections.

3.1.1. R_factor

The average annual rainfall erosivity factor (R) for
the Asokore Mampong Municipality was found to be
1484mm. There is only one rainfall station covering
the entire study area, thus there is no spatial
distribution for the resulting R-factor. Using the
formula from (Roose, 1975), the R-factor is computed
as 1484 * 0.5 = 742. The high amount of rainfall
experienced across the Municipality indicates the
ease with which soil particles can be detached, which
is indicative of potentially high soil erosion.

3.1.2. K_factor

The data inputs used to compute the K-factor are
presented in Figure 4, showing the proportions for
sand, clay, silt, and organic matter. These soil
proportions were used to determine the soil texture
by using SAGA (System for Automated Geoscientific
Analyses) formulation, available in QGIS. The
resulting soil texture has two texture groups which
are loamy sand, and sandy clay. These soil texture
groups were then used to derive the soil structure
code number (denoted b) and the permeability class
number (denoted c) Belasri et al. (2017).

Figure 4. Soil data showing the proportions of sand — top
left, clay — top right, silt — bottom left, and organic matter —
bottom right
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These variables were used to compute the K-
factor which is presented in Figure 5. The soil
erodibility factor, K-factor was found to have average
values ranging from 0.01 to 0.24 t/hal/yr. Based on
the soil properties alone, the K-factor output shows
the extent to which the soil is likely to be eroded in
Asokore Mampong Municipality. In general, locations
of high erodibility are spatially associated with
locations having high amounts of silt and sand
content. Despite, the high and dominant occurrence
of erodible soil across the entire Municipality, there
are areas of soil which are resistant to erosion. These
areas of soil are the dark-colored areas with
minimum values of 0.01 in the Municipality indicating
soil resistant to erosion in such areas.

Figure 5. Map of K-factor derived from soil properties data

3.1.3. LS _factor

Mostly, as the slope length (L) and slope
steepness (S) increase, total soil erosion per unit
area also increases due to the acceleration of
overland flow rate and erosivity of runoff in the
downslope direction Ozsoy et al. (2012). The
elevation data based on DEM which is used to derive
the LS-factor are presented in Figure 6. The resulting
LS factor varies from 0.065 to 10. The lowest values
of the LS factor were spread throughout the study
area, but of minimal impact to soil erosion. A greater
portion of the study area is characterized by high LS
values, an indication of high steep and slope length
which influence high flow direction of the surface
runoff resulting in high soil erosion

DEM FOR ASOKORE
MAMPONG

AN

Figure 6. Map of digital elevation data — top image, and
the derived LS-factor — bottom image.
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3.1.4. C-factor

The cover management factor (C-factor) for the
Asokore Mampong Municipality is presented in
Figure 7, with values ranging from 0.01 to 0.44. The
C-factor is computed from the average Normalize
Difference Vegetation index (NDVI) data with the
formula; C-factor = 0.431 — 0.805*NDVI (De Jong,
1994), to generate the C-factor output. The results
indicate greater portion of the study area is
residential areas with few scattered forest areas. The
high C-factor values for settlement area indicate high
vulnerability to soil erosion, as soil surfaces are
unprotected, with only the few scattered forest areas
protecting the land from soil erosion.

Figure 7. Map of C-factor derived using on NDVI data

3.1.5. P-factor

The Municipality lack support documents of land
management practices, that is, there is no known
management practice in this area. But the main
known land use activities in the Municipality include
urban areas, scattered crop farming, and
construction. These human activities have impact on
the landscape, such as increase the rate of soil loss
in the Asokore Mampong Municipality. The P-factor
of 1.0 was used, indicating that no management
practice is under consideration.

3.2. The annual soil loss in Asokore
Mampong municipality

The spatial distribution of soil loss in the Asokore
Mampong municipality was obtained from
multiplication of the five RUSLE factors (R, K, LS, C
and P) using the raster calculator in QGIS software
as shown in the graphical modeler. The resulting
spatial distribution of the soil loss is presented in
Figure 8, showing the rate of soil loss across the
whole study area. The soil loss varies from a low
value of 30tons/halyr to a high value of 440tons/
halyr. The result shows that a large portion of the
soils in the Municipality have an annual soil erosion
of about 30tons/ hal/yr. As observed, erosion is not
intensely spread across the entire municipality, but
concentrated at the south western part of the
municipality. Areas characterized by the high soil loss
should be spatially targeted for conservation
measures to reduce or control the rate of soil erosion
by means of conservation planning. Moreover, the
management of moderate soil erosion hazard should
be in place to protect areas of less erosion from
further erosion, vegetation degradation and removal
and maintenance through plantations.
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Erosion

Figure 8. Map of spatial distribution of annual soil loss (in
tons/halyr) in Asokore Mampong

4. Conclusion

This study has developed an automated workflow
for the RUSLE model in QGIS to determine the
average annual soil loss in Asokore Mampong
municipality in Ghana. The automated workflow was
developed using graphical modeler facility in QGIS,
by simultaneously allowing access to data and
geoprocessing functionalities to execute multiple
tasks to obtain the final output. The automation
procedure allows visualization of workflows, quick
execution of several tasks, and is free of human error.
The developed RUSLE workflow in QGIS ensure the
availability of the model, automation for any specific
area, and its execution to the general public.

The study found that soil erosion can be spatially
targeted in a way that vulnerable areas are uniquely
identified for remediation efforts. The spatial targeting
of soil loss is crucial for cost-effective mitigation
plans, in order to implement conservation practices
that will result in optimal reduction in soil loss. The
spatial nature of data inputs and the RUSLE output
facilitates the examination of the impact of each
factor on the resulting soil loss. The spatial
distribution of the average annual soil loss in the
study area was found to be largely controlled by
topography, land cover/use and silt content. Areas
dominated with vegetation and relatively flat terrain
are mostly associated with low levels of soil erosion.
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