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Abstract: Soil erosion represents a complex ecological issue that is present on a global level, with neg-
ative consequences for environmental quality, the conservation and availability of natural resources,
population safety, and material security, both in rural and urban areas. To mitigate the harmful
effects of soil erosion, a soil erosion map can be created. Broadly applied in the Balkan Peninsula
region (Serbia, Bosnia and Herzegovina, Croatia, Slovenia, Montenegro, North Macedonia, Romania,
Bulgaria, and Greece), the Erosion Potential Method (EPM) is an empirical erosion model that is
widely applied in the process of creating soil erosion maps. In this study, an innovation in the process
of the identification and mapping of erosion processes was made, creating a coefficient of the types
and extent of erosion and slumps (), representing one of the most sensitive parameters in the EPM.
The process of creating the coefficient (¢) consisted of applying remote sensing methods and satellite
images from a Landsat mission. The research area for which the satellite images were obtained and
thematic maps of erosion processes (coefficient ¢) were created is the area of the Federation of Bosnia
and Herzegovina and the Bréko District (situated in Bosnia and Herzegovina). The Google Earth
Engine (GEE) platform was employed to process and retrieve Landsat 7 Enhanced Thematic Mapper
plus (ETM+) and Landsat 8 Operational Land Imager and Thermal Infrared Sensor (OLI/TIRS)
satellite imagery over a period of ten years (from 1 January 2010 to 31 December 2020). The mapping
and identification of erosion processes were performed based on the Bare Soil Index (BSI) and by
applying the equation for fractional bare soil cover. The spatial-temporal distribution of fractional
bare soil cover enabled the definition of coefficient (¢) values in the field. An accuracy assessment was
conducted based on 190 reference samples from the field using a confusion matrix, overall accuracy
(OA), user accuracy (UA), producer accuracy (PA), and the Kappa statistic. Using the confusion
matrix, an OA of 85.79% was obtained, while UA ranged from 33% to 100%, and PA ranged from 50%
to 100%. Applying the Kappa statistic, an accuracy of 0.82 was obtained, indicating a high level of
accuracy. The availability of a time series of multispectral satellite images for each month is a crucial
element in monitoring the occurrence of erosion processes of various types (surface, mixed, and deep)
in the field. Additionally, it contributes significantly to decision-making, strategies, and plans in
the domain of erosion control work, the development of plans for identifying erosion-prone areas,
plans for defense against torrential floods, and the creation of soil erosion maps at local, regional, and
national levels.

Keywords: soil erosion; land degradation; erosion potential method; remote sensing; Landsat; Google
Earth Engine; bare soil index

1. Introduction

Soil erosion represents a major global exacerbator of the degradation of land and water
resources. Wind and water are dominant drivers of degradation, with particular attention
in this regard paid to water erosion [1]. Considering both variable and non-variable groups
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of parameters (temporally static and temporally dynamic parameters), agricultural lands
and degraded forests are more sensitive to the occurrence and intensity of erosion processes
than grassland areas [2,3]. Numerous studies and projects indicate that anthropogenic
activity is the leading cause of changes in land use patterns [4-8]. Besides anthropogenic
factors, changes in land use are influenced by natural factors such as lithology, hydrology,
topography, climate, and pedology [9,10].

Soil loss caused by erosion represents a significant global, regional, and Balkan
Peninsula-wide issue. Therefore, it is necessary to conduct the spatial identification and
quantification of soil loss, serving as a prerequisite for the sustainable management of
vital environmental resources. Accordingly, modeling represents a significant procedure
for obtaining essential information necessary for understanding the occurrence of erosion
processes and assessing soil loss.

In Europe, the dominant form of erosion is rainfall erosion, while wind erosion occurs
to a lesser extent. Water erosion is most prevalent in Southern Europe but is also increasingly
becoming a problem in Northern Europe [11]. In pertinent documents, the European Union
has recognized that erosion processes are one of the main factors contributing to land
degradation [12], causing material damage amounting to several billion euros annually [13].
The European Commission’s Thematic Strategy for Soil [12] proposed using models to
monitor erosion processes [14-17]. Erosion modeling is based on understanding nature’s
physical laws and processes. By applying models, natural methods are described using
mathematical formulations [18]. Erosion models involve the simplification (streamlining)
of processes in reality, with one of the goals being the determination of the essential
factors and segments [19]. With the advancement of technology and software tools, models
can now be categorized into empirical, conceptual, and physically based types [20,21].
Authors such as Hajigholizadeh et al. [22] have proposed forming so-called “hybrid”
models that combine all these concepts. RUSLE represents an empirical model that has
the widest application worldwide and uses quantified and verified high-resolution input
data [14,17,23]. Application of the RUSLE2015 model has revealed that the average soil
loss in European Union countries amounts to 2.46 t-ha~!-year™!, resulting in a total soil
loss of 970 Mt annually [14]. To ensure that the produced soil erosion map is compatible
with the traditional approach used in the countries of the Balkan Peninsula over the past
few decades, and which allows for comparison with previously created soil erosion maps
for the purpose of determining changes in erosion potential over recent decades, it was
necessary to use the Erosion Potential Method (EPM). However, the traditional approach of
this method was characterized by an outdated perception of land degradation and the use
of analog databases, and as such, it did not meet contemporary standards. In the countries
of the former Yugoslavia, the EPM has been utilized for the past 50 years [24-27]. This
method has been extensively applied in all the former Yugoslavian states, namely, Bosnia
and Herzegovina [28], North Macedonia [29,30], Montenegro [31], Croatia [32,33], and
Slovenia [34-36], as well as in Germany [37], Italy [38-40], Argentina [41], Belgium [20],
Greece [42-45], Algeria [46], Morocco [47,48], Iraq [49], Iran [50], Brazil [51,52], Chile [53],
and Colombia [54]. Gross and net soil erosion rates have been assessed globally using
the original model (EPM) and its modified version (mEPM) [55]. The EPM is based on
the analytical processing of data on the factors that influence erosion, such as climatic
characteristics (temperature and precipitation), soil erodibility, land use and land cover,
slope, and the type, extent, and intensity of erosion processes. One of the basic parameters
used in calculating soil erosion intensity is the coefficient of the types and extent of erosion
and slumps (¢). According to the original version of the EPM [24], this coefficient (¢)
is determined directly in the field. In order to obtain relevant data on the coefficient of
visible and clearly expressed erosion processes, it is necessary to determine the visible
manifestations (traces) of erosion processes and define the boundaries of the areas where
such processes occur. This is a demanding process that requires detailed and comprehensive
field research.



Remote Sens. 2024, 16, 2390

30f23

The aim of conducting field research, or surveying the torrential bed and watershed
area or erosion zone, is to understand the type, extent, and intensity of erosion processes.
It is necessary to assess the condition of the bottom and banks of a torrential bed and the
characteristics of sediments and observe occurrences of slope wash, land sliding, bank
undercutting, and other destructive processes. Crucial to this endeavor is the identification
of unvegetated and neglected areas, all constituting erosion processes that may be of deep,
mixed, and surface types: gullies; scree, sheet, rill, and gully erosion; sinkholes; landslides;
and fissures [24,56]. Identifying areas covered with sterile sediment, barren land, and rocky
regions is essential. It is of vital importance to determine the pertinent spatial structure,
which includes organic surfaces exposed to soil deflation, degraded forests and thickets,
“unstable” land (with traces of solifluction and shallow landslides), surfaces exposed to
sedimentation from torrential beds, and the precise dimensions of cross profiles, which
reveal the movement of sediments. It is also crucial to identify and spatially map soil
erosion in forested areas, where many hidden erosion processes occur and are not visible
based on aerial photographs due to the density of the canopy and vegetation [24,26].

In line with the mentioned issues in research and engineering practice, there is an
evident potential for the application of modern technologies and software tools in a Ge-
ographic Information System (GIS) environment using remote sensing (RS) techniques,
which will expedite the process of identifying and mapping erosion processes as well as
estimating soil loss due to water erosion.

RS techniques offer invaluable tools for monitoring and assessing environmental
changes, including soil erosion, in various areas. RS techniques encompass a wide range
of methods and technologies that allow the collection of information about the Earth’s
surface and atmosphere from a distance. These techniques use sensors mounted on air-
planes or satellites to capture electromagnetic radiation reflected or emitted by the Earth’s
surface [57]. By analyzing these data, researchers can gain valuable insights into soil ero-
sion processes, identify vulnerable areas, and provide information for land management
strategies. Numerous methodologies based on RS have been developed to address the
challenges of identifying areas susceptible to extensive soil erosion. These methodologies
involve the use of different types of RS data, including optical, thermal, and radar images,
as well as Light Detection and Ranging (LiDAR) data, to characterize the properties of land
surfaces associated with erosion risk [58-61].

To date, several different methods for soil erosion identification and terrain suscep-
tibility assessment have been developed, particularly with the increasing use of GIS and
satellite imagery containing various spectral bands [15-17]. The first methods for soil ero-
sion identification and mapping were developed at the pixel level [62], and they involved
assigning an individual pixel to a specific class [63]. In pixel-based classification, it is
assumed that each pixel corresponds to a single homogeneous type of soil erosion; however,
many pixels capture multiple different types. This assumption led to the development
of sub-pixel classification to address the anomalies in classifying the soil erosion types of
mixed pixels [64].

Spectral indices represent the next step in the development of RS techniques for
mapping and predicting soil erosion processes, emerging with the development of satellites
containing various spectral bands. To create spectral indices, arithmetic operations and
empirical relationships are applied, allowing the modification or combination of original
spectral bands into new images, thereby clearly determining specific characteristics in
an image [57]. Singh et al. [65] established a relationship between soil color and the
normalized difference vegetation index (NDVI) using National Oceanic and Atmospheric
Administration (NOAA)/Advanced Very-High-Resolution Radiometer (AVHRR) data.
Using satellite images with a coarse spatial resolution of 1.1 km, they identified erosion
processes and mapped eroded soils that resulted from the removal of the topsoil layer and
a subsequent reduction in the amount of organic matter [65].

The increased availability of high-spatial-resolution satellite imagery has provided
opportunities for the creation of numerous new methods for mapping, identifying, and



Remote Sens. 2024, 16, 2390

40f23

predicting soil erosion. As a result, methods based on object-based image analysis (OBIA)
have been developed [66]. OBIA does not involve using individual pixels as the basic
unit for classification; instead, it involves the analysis of groups of pixels, i.e., objects,
which are classified accordingly [67]. This approach reduces intra-class variation and
eliminates impulse noise, which arises from isolated pixels, in an image, with the latter
mainly occurring due to misclassification [68]. Objects are created in the segmentation
process, wherein pixels are grouped based on similar spectral characteristics, shapes,
and textures relative to neighboring elements and objects [69]. OBIA has been widely
applied in mapping gully systems and identifying their changes over time, processes crucial
for implementing soil conservation measures [70,71]. Advances in pattern recognition
techniques and methods, in which artificial intelligence and machine learning are applied,
have resulted in significant developments in the new generation of techniques for the
identification and mapping of erosion processes and predicting soil erosion, such as support
vector machines (SVMs), Random Forest (RF) methods, artificial neural networks (ANNSs),
and decision trees [72-75].

The general aim of this research was to develop an approach suitable for mapping
the intensity of erosion processes and identifying the corresponding coefficient (¢), which
represents one of the sensitive parameters in the EPM model. Specifically, our objectives
were to (1) identify erosion processes and map their forms using RS techniques; (2) expedite
fieldwork, especially for large areas such as the territory of Bosnia and Herzegovina (BiH);
and (3) create a soil erosion map and a sediment production map to allow appropriate
measures to be taken to mitigate soil erosion issues. The novel contribution of this research
is the development of an innovative approach to the application of the EPM, which has
been used in the Balkan Peninsula for over half a century and continues to be refined. To
overcome the discussed limitation, this work consists of guidelines for determining the
value of the coefficient of the types and extent of erosion and slumps (¢) using multispectral
satellite images obtained via RS methods, as well as using spectral indices that represent
the primary products of spectral bands.

2. Materials and Methods
2.1. Study Area

The Federation of Bosnia and Herzegovina (FBiH) and the Brcko District (BD), along
with Republika Srpska (RSR), together constitute the state of Bosnia and Herzegovina (BiH),
located in Southeastern Europe, geographically belonging to the Adriatic and Black Sea
watersheds, specifically to the group of Mediterranean and Danubian countries. It is located
in the central part of the Balkan Peninsula (Figure 1), between latitude 42°26’N and 45°15’'N
and longitude 15°45'E and 19°41’E. Bosnia and Herzegovina covers an area of 51,209.2 km?,
while the researched area of the FBiH and the BD covers an area of 26,570 km?2.

The relief of BiH is predominantly hilly-mountainous, but at the same time, it is
also highly dissected by valleys along major rivers. This area’s geological structure is
exceptionally complex, resulting in diverse rock formations (magmatic, sedimentary, meta-
morphic, and many transitional forms) [76,77]. Three climate zones are represented in the
territory of BiH: Mediterranean, Alpine, and Central European climates [77]. Regarding soil
types, the most prevalent are calcomelanosol, district cambisols, and calcocambisols in the
hilly-mountainous region. Among the automorphic soil types in the hilly-mountainous
region, lithosols, regosols, red soils, rendzinas, luvisols, podzols, and smonits are rep-
resented [76]. Some hydromorphic soils, such as pseudogleys and fluvisols, which are
the most common, are present in lowland areas [77]. According to Corine Land Cover
2018 [78], the majority of the territory of BiH is covered by forests (53.2%), while agriculture
occupies 26.8% of the land. Urban and transportation areas together account for 1.7% of
the total land.
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Figure 1. Study area: 1—the Federation of Bosnia and Hercegovina (FBiH); 2—the Br¢ko District (BD);
3—the Republic of Srpska (RSR); BiH—Bosnia and Hercegovina; SRB—Serbia; MNE—Montenegro;
HR—Croatia.

2.2. Erosion Potential Method (EPM)

The EPM is an empirical method for assessing soil loss, erosion production, and sedi-
ment transport in a watershed, erosion area, or land parcel. This technique was developed
based on long-term field research, observations, and watershed measurements [24,27]. In
addition to calculating sediment production and transport, this method was designed for
mapping erosion processes in erosion-prone areas and quantitatively classifying torrential
flows [24-26]. This method is a standard tool for solving engineering problems related
to preventing soil erosion and torrential floods in water management. To develop water
management foundations, studies, and projects, Equation (1) is used [20]:

Wyear = T-Hyear 7 v AT 1)

Wyear—Total production of erosive material [m? ~year_1] ; T—temperature coefficient [-];
Hyear—mean annual precipitation [mm]; 77—3.14; Z—coefficient of erosion [-]; A—watershed
area [km?].

The method starts with the analytical processing of data on factors influencing erosion.
Since erosion is a spatial phenomenon, it is represented on maps based on classification
according to the analytically calculated erosion coefficient (Z), which is not dependent on
climatic characteristics but on soil characteristics, vegetation cover, relief, and the visible oc-
currence of erosion processes. The erosion coefficient (Z) is obtained from Equation (2) [24]:

Z=Y-Xa:(¢ + /Imean ) )

Z—Erosion coefficient [-]; Y—soil erodibility coefficient (soil resistance to erosion) [-];
X-a—soil protection coefficient (land use and land cover) [-]; ¢—coefficient of type and
extent of erosion and slumps [-]; Inean—the mean slope of the terrain [%].

Based on the erosion coefficient Z, erosion processes can be categorized according to
the work by Gavrilovi¢ (Table 1). The values typically range from 0.1 to 1.5 and higher, i.e.,
from preserved, mildly eroded catchments and areas to catchments significantly degraded
due to soil erosion. Z values may only be above and below the mentioned thresholds
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in exceptional cases [24]. Thirteen categories have been established based on the type of
prevailing erosion and the values of the erosion coefficient Z [24].

Table 1. Classification of the erosion classes according to the Z coefficient [24].

Intensity of Dominant

Erosion Category Erosion Processes Erosion Type Erosion Coefficient Z Mean Value of Z
Deep >1.51

1 Excessive erosion Mixed 1.21-1.50 1.25
Surface 1.01-1.20
Deep 0.91-1.00

I Severe erosion Mixed 0.81-0.90 0.85
Surface 0.71-0.80
Deep 0.61-0.70

I Medium erosion Mixed 0.51-0.60 0.55
Surface 0.41-0.50
Deep 0.31-0.40

v Slight erosion Mixed 0.25-0.30 0.30
Surface 0.20-0.24

\% Very slight erosion Traces of erosion 0.01-0.19 0.10

The soil erodibility coefficient (Y) depends on the climatic conditions of the environ-
ment, geological substrate, and types of pedological formations being analyzed. According
to the original method, the values of the coefficient range from 0.25 for bare and compact
rocks to 2.0 for fine sediments and unbound soils without the ability to resist erosion [24].

The soil protection coefficient (X-a) relates to the soil’s protection from atmospheric
agents and erosion effects. This coefficient comprises the original or ‘unchanged’ land cover
("X") and soil protection measures (‘a’). According to Gavrilovi¢, its values range from 0.05
to 1.0 [24].

The mean slope of the terrain (Imean) reflects the influence of topographic character-
istics, utilizing the square root of the mean slope of the watershed, erosion area, or land
parcel [24].

The coefficient of the types and extent of erosion and slumps (¢) represents the
numerical equivalent of visible and clearly expressed erosion processes in a watershed or
erosion area (Table 2). According to the original method, the factor values range from 0.1
(areas without visible signs of erosion) to 1.0 (areas affected by deep erosion) [24].

One of the fundamental parameters for calculating soil erosion intensity is the coeffi-
cient of the types and extent of erosion and slumps (¢). According to the original version of
the EPM [24], the coefficient of the types and extent of erosion and slumps (¢) is determined
directly in the field. To obtain relevant data on the coefficient of the types and extent of
erosion, it is necessary to determine the visible manifestations (traces) of erosion processes
and the boundaries of the areas affected by such processes. The coefficient of the types and
extent of erosion and slumps () is the only parameter in the EPM with a subjective element,
greatly distancing it from the attribute of being ‘empirical’. For this reason, De Vente and
Poesen [20] classify this method as ‘semi-quantitative’. To overcome this limitation, this
study consists of guidelines for determining the values of the coefficient of the type and
extent of erosion and slumps (¢) using multispectral satellite imagery obtained through
RS and spectral indices representing primary products of spectral channels. The obtained
values of the coefficient of the types and extent of erosion and slumps in the researched
areas of the FBiH and the BD were verified in the field, where the validation and accuracy
assessment of the thematic maps obtained were performed (Figure 2).
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Table 2. Basic characteristics ¢ coefficient according to the EPM model [24].

@ Description—Type and Extent of Erosion and Slumps @ Value

Watershed completely under gully erosion and primordial processes (deepening, incision, slumps) 1.0
About 80% of the watershed is under furrow and gully erosion 0.9
About 50% of the watershed is under furrow and gully erosion 0.8
The enth.re watershed is subject to surfa_ce erosion: disintegrated debris from embankments, some furrows, 07
and gullies, as well as strong karst erosion

The entire watershed is under surface erosion but without furrows and gullies (deep processes) and the like 0.6
Land with 50% of the area covered by surface erosion, while the rest of the watershed is preserved 0.5
Land with 20% of the area covered by surface erosion, while 80% of the watershed is preserved 0.3
The soil in the watershed has no visible signs of erosion, but there are minor slips and slides in watercourses 0.2
Watershed without visible signs of erosion, but mostly under arable land 0.15
An area without visible signs of erosion, both in the watershed and in the watercourses, but predominantly 01

under forests and perennial vegetation (meadows, pastures, etc.)

Database ——
formation -

BSI - BSImin (SWIR + RED) - (NIR + BLUE)

@ = BSImax - BSImin BSI (SWIR + RED) + (NIR + BLUE)

Google Earth Engine

»

cloud cover
less than 1%

LANDSAT/LE07/C02/T1_TOA
LANDSAT/LC08/C01/T1_TOA

/ Confusion Matrix

YY

Kappa Statistics
Overall accuracy
User’s Accuracy
Producer’s Accuracy

Referenced Data

Figure 2. Workflow using remote sensing in the calculation of the coefficient of type and extent of

erosion and slumps (). Note: Z—Erosion coefficient; Y—soil erodibility coefficient; X—land cover

coefficient; a—soil protection measures coefficient; Imean—the mean slope of the terrain; BSI—the

bare soil index.
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2.3. Application of Multispectral Satellite Imagery

The initial step in determining the ¢ coefficient involves using multispectral satellite
imagery obtained through RS methods and applying geostatistical processes and tools in
GIS environments while using ArcMap 10.8.2 [79] software to process satellite images and
obtain the spectral BSL

Based on the obtained spectral BS], field investigation work is conducted to validate
and calibrate the obtained parameters and assess the accuracy of the results. Depending
on the research objectives, financial capabilities, and the characteristics of the sensors
themselves, satellite imagery from state and private institutions and companies is used,
with the imaging results being available either free of charge or commercially. The need
to model and identify erosion processes based on satellite imagery depends on the user
needs, research objectives, and the scope of a project, as well as the spatial and temporal
resolution requirements of the satellite image.

To perform the mapping and identification of erosion processes, spectral indices were
used, representing primary products generated from multispectral satellite imagery from
Landsat Missions 7 and 8. The Landsat Mission 7 satellite utilizes the ETM+ sensor, with
7 spectral channels with spatial resolutions of 30 m and 120 m and a panchromatic channel
with a spatial resolution of 15 m. The Landsat Mission 8 satellite carries two types of
sensors: an OLI and a TIRS. Both sensors have 11 spectral channels with spatial resolutions
of 15 m (a panchromatic channel), 30 m (8 channels), and 100 m (2 channels).

The initial phase of this study involved collecting satellite images obtained through
RS in Landsat satellite missions; these images were acquired using the Google Earth Engine
(GEE) platform. The GEE is an advanced cloud-based computational platform designed
for processing and analyzing Earth Observation (EO) data [80,81].

To create a thematic map representing the coefficient of the types and extent of erosion
and slumps (@) for the territories of the FBiH and the BD, satellite images were collected
for 10 years (from 1 January 2010 to 31 December 2020). Before they were downloaded, the
digital processing of the images was performed. The analysis and processing of the digital
images consisted of using specific mathematical operations, functions, and algorithms such
as image preprocessing, image enhancement, and image transformation. Satellite images
were used, with an atmospheric correction of Landsat 7 Collection 2 Tier 1 Top of the Atmo-
sphere (TOA) Reflectance (“LANDSAT/LE(07/C02/T1_TOA”) and Landsat 8 Collection 1
Tier 1 Top of the Atmosphere (TOA) Reflectance (“LANDSAT/LC08/C01/T1_TOA”) [82].
The next step in the GEE application involves setting input parameters for maximum cloud
cover in image tiles and the region of interest (ROI), targeting nearly clear-sky conditions
with less than 1% cloud cover. Satellite images were used in vegetative and non-vegetative
periods to obtain more relevant results. In total, 648 cloud-free satellite images were used:
Landsat 7 Collection 2 Tier 1 TOA Reflectance (344 products) and Landsat 8 Collection 1
Tier 1 TOA Reflectance (304 products). The original data were supplied as projected in the
WGS84/UTM zone 34N coordinate system.

The algorithm used for the geospatial processing and downloading of the Landsat
satellite images and the Bare Soil Index (BSI) using the GEE platform is shown in Figure 3.
In the first step, five different input parameters are required: the start and end dates of the
images (allowing the selection of the desired time frame); the collection of images from
different Landsat missions, allowing the maximum cloud cover in an image; and the region
of interest for which the images are processed. The next step involves the transformation
of the satellite images based on spectral channels to obtain the BSI and the procedure for
downloading the thematic map onto a computer.
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User selection:
|5 - region of interest
o - start and end date
= - maximum cloud cover
- Landsat collection (multi-temporal)
A\ 4
Load Landsat 7 collection Load Landsat 8 collection
"LANDSAT/LE07/C02/T1_TOA" "LANDSAT/LC08/C01/T1_TOA"
(&)
=
A
o Integrating Landsat 7 and Landsat 8 collections
8 "MERGE LANDSAT/LE07+LC08/T1_TOA"
o
\ 4
Calculation multi-temporal BSI (Bare Soil Index ) index
BSI=((SWIR+RED) - (NIR+BLUE)) / ((SWIR+RED) + (NIR+BLUE))
H . . .
E Download multi-temporal BSI (Bare Soil Index ) index
'é BSI_2010_2020_scale_30m.tif

Figure 3. Flowchart of downloading multi-temporal satellite images and the spectral BSI using the
GEE platform.

2.4. Application of the Spectral Index (Bare Soil Index—-BSI)

In this study, the BSI was used. The BSI was initially introduced by Rikimaru et al. [83]
for monitoring forest conditions or canopy density and stands as one of the most significant
spectral indices combining blue spectral channels (BLUE), red spectral channels (RED),
near-infrared spectral channels (NIR), and shortwave infrared spectral channels (SWIR)
to depict the degree of bare soil presence using Equation (3). The RED and SWIR spectral
channels reflect the mineral composition of the analyzed soil, while the BLUE and NIR
spectral channels represent vegetation presence. With the development of satellites and
their sensors and computer technology, there are now various formulas and methods for
obtaining spectral indices for bare soil detection [72,84-94]. Based on available Landsat
mission satellite imagery, the BSI was derived using Equation (3) [83,95]:

(SWIR + RED) — (NIR + BLUE)

BSI = {GWIR + RED) + (NIR 1 BLUE)

®)
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The value of the BSI ranges from —1 to +1, with positive values indicating a greater
presence of bare soil and impervious surfaces. In contrast, negative values indicate the
presence of vegetation and porous surfaces. Since the BSI is a numerical indicator with
values ranging from —1 to +1, the next step involves transforming the spectral index to map
erosion processes and assigning values to the coefficient ¢, i.e., the numerical equivalent
of visible and clearly expressed erosion processes. The transformed BSI is converted into
the fractional bare soil cover. Fractional bare soil cover represents the proportion of bare
soil within one pixel. The term ‘fractional cover’ refers to the ratio of vertically projected
surfaces (e.g., vegetation, bare soil, and urban areas) to the total surface area [96].

The proportional area of each component in a pixel represents the weighting factor
of each component. According to Carlson and Ripley, and Gutman and Ignatov [97,98],
the proportional area of bare soil in the fractional cover was obtained based on applying
Equation (4) to the fractional vegetation cover [97,98]. In the original formula [97,98], a
spectral index for vegetation, i.e., the NDVI, was used, while the spectral index BSI was
used to identify bare soil. The obtained values of the fractional bare soil cover range from 0
to 1, where 0 represents areas without bare soil and impervious surfaces, while 1 represents
the 100% involvement of bare soil and impervious surfaces. The values of the fractional
bare soil cover are the same as those shown in Table 2 and represent the coefficient of the
types and extent of erosion and slumps (). Based on the observations mentioned above,
Equation (4) was applied for the parameter coefficient (¢):

o BSI — BSIyin @

BSImax — BSImin
¢@—The coefficient of type and extent of erosion; BSI—the bare soil index; BSImax—a
value representing bare soil in the BSI layer; BSImin—a value representing vegetation in
the BSI layer.

2.5. The Accuracy Assessment and Validation of the Coefficient ¢

The obtained values of the coefficient (¢) based on the application of satellite imagery
and its products (the spectral index and fractional cover) were analyzed using accuracy
assessment following field investigations. Accuracy assessment is a crucial component
and focus of significant studies within the context of accuracy assessment issues [99-102].
The most effective and common way of representing the accuracy of classification data
(imagery) obtained through RS is in the form of a confusion matrix or error matrix, based
on which accuracy measures are calculated [103-107]. The confusion matrix serves as the
basis for obtaining various accuracy measures such as the overall accuracy (OA), user’s
accuracy (UA), producer’s accuracy (PA), and the Kappa statistic [102,104,108-110].

3. Results
3.1. The Collection of Satellite Imagery and Creation of Thematic Maps of the Types and Extent of
Erosion and Slumps

After applying Equation (3) in the GEE platform, the thematic map of the spectral
BSI was downloaded in a raster format (*.geotiff) at the original resolution of 30 m. The
obtained thematic map of the BSI represents the average value of the index that was created
based on available satellite products and as such can be used in ArcMap 10.8.2 to apply the
transformation of the spectral BSI into the fraction of bare soil cover. Figure 4 illustrates the
spatial distribution of the average spectral BSI, one of the most commonly used indices for
mapping bare soil and non-porous surfaces. The BSI values in the research area range from
—0.58 to +0.26, with a mean value of —0.24 (Figure 5).

By applying Equation (4), a thematic map of the coefficient of the types and extent of
erosion and slumps (@) was obtained. The resulting thematic map, with a spatial resolution
of 30 m, is projected in the WGS84/UTM zone 34N and displays values ranging from 0 to 1
(Figure 6). Pixels with values of 0 represent areas without visible traces of erosion processes,
while 1 represents areas fully affected by gully and rill processes or deep-type erosion
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processes (deepening, incision, and slumps). A histogram distribution of the coefficient
¢ values is shown in Figure 7. The average value of the coefficient of visible and clearly
expressed erosion processes (@) for the observed period is 0.39, which, according to Table 2,
indicates that approximately 35% of the area of the FBiH is affected by surface erosion.
In contrast, the remaining part of the area is preserved. The individual categories of the
coefficient of the types and extent of erosion and slumps (¢) are shown in Figure 8.
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Figure 4. The spatial distribution of the average BSI from 1 January 2010 to 31 December 2020.
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Figure 5. The histogram distribution of the average BSI from 1 January 2010 to 31 December 2020.
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Figure 6. The spatial distribution of the coefficient ¢ from 1 January 2010 to 31 December 2020.
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Figure 7. The histogram distribution of the coefficient ¢ from 1 January 2010 to 31 December 2020.

3.2. Validation of the Obtained Results (Accuracy Assessment)

After conducting the complete procedure of obtaining the coefficient of the types
and extent of erosion and slumps (@) using the spectral BSI, an accuracy assessment
was performed to determine the quality of the obtained coefficient ¢ through RS. The
accuracy assessment procedure employed involved comparing samples from the map
obtained using the spectral BSI with reference samples (Figure 9). Reference samples for
accuracy assessment were collected visually based on field surveys and gathering photo
documentation, completing field forms, and using orthophotos and satellite images.
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Table 3 presents basic information about the created reference samples used to validate
each category of the ¢ coefficient values, depending on the conditions in the field. A total
of 190 ground reference samples were used, with 8 samples used for ¢ = 0.1. To assess the
accuracy of ¢ = 0.15, eight samples were used, while only two reference samples available
in the field were analyzed for ¢ = 0.2. A total of 11 samples were validated for ¢ = 0.3,
and 68 samples were analyzed for ¢ = 0.5 accuracy assessment. For ¢ = 0.6, 43 samples
were analyzed, and 28 samples were assessed for ¢ = 0.7 during the validation process.
A total of 12 samples were employed to check the accuracy assessment for ¢ = 0.8, while
9 samples were analyzed for ¢ = 0.9. For ¢ = 1.0 (areas fully covered by gully erosion and
ravine processes, i.e., deep erosion processes), only one sample recorded in the field was
analyzed. All these samples were determined based on field surveys conducted in various
terrain accessibility and passability conditions, including in the presence of roads, forest
paths, and minefields.

Table 3. The total number of reference samples for validating the ¢ coefficient values.

Value of Coefficient ¢ The Number of Samples for Validation.

0.1 8
0.15 8
0.2 2
0.3 11
0.5 68
0.6 43
0.7 28
0.8 12
0.9 9
1.0 1

Total 190

The accuracy assessment method is based on a pixel-level classification accuracy
estimation performed using a confusion matrix (error matrix). To compute the confusion
matrix and accuracy measures (OA, UA, PA, and Kappa statistics), the R programming
language was utilized [111]. Table 4 shows the confusion matrix with accuracy measures
for ¢ values obtained based on the spectral BSI and field investigation work.

Table 4. The confusion matrix with accuracy measures for ¢ values obtained through field investiga-
tions, multispectral satellite imagery, and the BSI.

Reference Values of the Coefficient ¢ from the Field

Coefficient ¢ 0.1 0.15 0.2 03 05 0.6 0.7 0.8 0.9 1.0 Total  UA (%)
0.1 8 0 0 0 0 0 0 0 0 0 8 100
0.15 0 8 0 0 0 0 0 0 0 0 8 100
0.2 0 0 1 2 0 0 0 0 0 0 3 33.33
Valt‘;f; of 03 0 0 0 8 3 0 0 0 0 0 11 72.73
coefficient 0.5 0 0 1 1 60 2 1 0 0 0 65 92.31
based on 0.6 0 0 0 0 4 37 1 0 0 0 42 88.10
Sf::;‘l’:; 0.7 0 0 0 0 1 4 19 0 0 0 24 79.17
0.8 0 0 0 0 0 0 7 12 0 0 19 63.16
0.9 0 0 0 0 0 0 0 0 9 0 9 100
1.0 0 0 0 0 0 0 0 0 0 1 1 100
Total 8 8 2 11 68 43 28 12 9 1 190 98l
PA (%) 100 100 50 7273 8824 8605  67.86 100 100 100 Kappa

0.82
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Figures 10-12 provide examples of the types and extent of erosion and slumps in the
territory of the FBiH and the BD. Erosion processes are depicted based on field investiga-
tions, represented as validation samples for accuracy assessment, satellite imagery, and the
thematic map of the ¢ coefficient obtained as the product of RS incorporating the spectral
BSI. Data for other representative samples are presented in the Supplementary Materials.
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Figure 10. Coefficient ¢ obtained based on the BSI (sample 157 with ¢ = 0.81; sample 176 with
¢ = 0.75; sample 177 with ¢ = 0.75; sample 178 with ¢ = 0.78; sample 179 with ¢ = 0.52; sample 180

with ¢ =0.69).
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Figure 11. A satellite image with samples 157, 176, 177, 178, 179, and 180.
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Figure 12. Samples 157, 176, 177,178, 179, and 180 after field investigations.

4. Discussion

The application of RS techniques in various scientific, societal, and economic fields
has provided the motivational impetus for the development of different types of platforms
and sensors with varying spatial and temporal resolutions [103,104]. However, RS data
alone cannot directly provide significant information on soil erosion, which might be a
reason why RS data have not been widely used for soil erosion assessment or mapping [73].
The development of GIS software and techniques for the collection and transformation
of spectral channels has led to advancements in the field of soil erosion assessment and
mapping. One of the most widely used methods for soil erosion assessment and mapping
is the application of spectral indices, which are primary products of spectral channels. In
the context of the BSI which is commonly used to identify areas susceptible to erosion, the
constituent variables typically include spectral bands associated with soil reflection in the
visible and NIR wavelengths. These bands are sensitive to the amount of bare soil exposed
in an area, as bare soil tends to have different spectral characteristics compared to areas
covered with vegetation [75,94].

The significance of these constituent variables lies in their ability to distinguish bare
soil from vegetated surfaces. Bare soil tends to reflect more light in the visible spectrum
and less in the NIR spectrum compared to vegetation. By analyzing the combination of
reflectance values in these spectral ranges, the BSI can effectively identify areas exposed to
erosion processes.

Moreover, the reliability of this index in quantifying the extent of erosion is supported
by empirical validation and calibration against ground truth data. This involves comparing
the index results with field observations of erosion severity to assess the accuracy of
this index in identifying eroded areas. Additionally, statistical measures such as the
OA, UA, PA, and the Kappa statistic are often used to quantify this index’s performance
in delineating erosion [73,75,84]. In summary, the physical significance of this index’s
constituent variables lies in their ability to capture the spectral differences between bare
soil and vegetated surfaces, while the reliability of this index in quantifying the extent of
erosion has been confirmed through empirical validation and statistical analysis.
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When dealing with mixed pixels in relation to the BSI, several approaches can be
applied to address this challenge effectively. One method involves using the Modified Bare
Soil Index (MBSI), which enhances the ability to discriminate between bare soil and urban
areas [84,88]. Additionally, combining several spectral indices, such as the Normalized
Difference Tillage Index (NDTI) [90,91] and the Dry Bare Soil Index (DBSI) [88], can help
improve the accuracy of distinguishing between different soil characteristics, particularly
in areas with similar spectral responses, such as bare soil and built-up surfaces [87,93,94].
Moreover, using a multi-index approach that incorporates multiple spectral indices and
involves the use of advanced techniques such as cloud computing platforms and machine
learning algorithms can significantly enhance the accuracy of identifying and classifying
bare soil amidst mixed pixels [84,91,92,95]. This approach has shown promising results,
with high accuracy rates and improved performance in distinguishing between built-up
areas and barren land, even in challenging environments with complex canopies and mixed
soil features. The next advancement presented in this study involves determining the
empirical relationship between the spectral BSI and the calculated ¢ coefficient to map
erosion processes of varying intensities and develop a soil erosion map using the EPM.

According to the method developed by Gavrilovi¢, the values of the ¢ coefficient are
categorized into ten classes, which are shown in Table 2 [24]. The original motivation behind
this coefficient is related to the percentage of eroded surfaces, which is expressed with a
maximum value of 1 (100%) [24]. Nowadays, various methods exist for obtaining ¢ values,
ranging from assigning vector databases on digitized land cover or substrates representing
erosion landforms [32,35-37,40,41,43,44,50-53] to using ready-made raster databases on
terrain sensitivity, landslide susceptibility maps, and land degradation [33,49,55] and the
application of various satellite images in combination with one or more multispectral
channels [46-48]. According to the original approach, field investigations are proposed
for determining the ¢ coefficient. This fieldwork involves surveillance, i.e., exploring the
terrain with a detailed collection of relevant data on elements indicating the occurrence of
specific erosion categories—the types and extent of erosion and slumps, vegetation cover
status, land use, etc—which are then entered into appropriate field forms. Based on this,
the ¢ coefficient represents the only parameter in the EPM with a subjective component,
deviating the most from the attributes of an “empirical erosion model”. De Vente and
Poesen [20] classified this method as a ‘semi-quantitative’ erosion model.

The structures of field patterns are key elements in creating a soil erosion map as they
contains essential elements from previous studies’ data collection and analysis results and
relevant elements that can only be determined in the field. The data collected from studies
include general information about the subject area, such as its position with respect to
the administrative area (municipality, canton, etc.) and the watershed and subwatershed.
In the study data collection process, essential physical-geographical characteristics of
the subject area are determined, as well as elements (parameters) for determining soil
erodibility and soil protection. The field data collection process includes obtaining elements
for calibrating input parameters, such as the types and extent of erosion processes and
slumps, the land cover structure, and land use practices. Field patterns with accompanying
photo documentation play a significant role in assessing the accuracy and correcting the
input parameters or accuracy assessment results of the ¢ coefficient to obtain quantitative
guidelines for creating a representative soil erosion map.

Representative samples were selected for each category of the ¢ coefficient value,
which had an unbiased representation of the entities the categories depicted. The survey lo-
cations were selected based on available satellite and orthophoto imagery and the thematic
map of ¢ coefficient values obtained using the spectral BSI. Data influencing the nature
of fieldwork, such as minefield zones, road infrastructure, protected areas, hydrographic
networks, populated areas, etc., were also utilized. Based on the given criteria, 190 survey
locations were identified for field visits and the determination of field patterns evenly dis-
tributed across the territory of the FBiH and BD to achieve a uniform distribution relative
to the researched area.
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The validation of RS results and the assessment of the accuracy of the derived estimates
are crucial but must account for the uncertainty caused by differences in spatial and tempo-
ral scales between remote sensor data and reference data used for validation. Validating
results obtained from analyses conducted at different scales requires careful consideration
of scale-related uncertainties. Various approaches have been developed to address this chal-
lenge and verify results across different scales, such as spatial aggregation or disaggregation,
sampling design, error propagation, cross-scale validation, model calibration and valida-
tion, statistical metrics, uncertainty analysis, and expert judgment [71,72,74,84,90,94,95].
In the context of accuracy assessment and the validation of results, statistical metrics are
commonly used, with one of the most widely applied being the confusion matrix or error
matrix, which is used to calculate accuracy measures [102,104,107].

The confusion matrix in Table 4 demonstrates uniform accuracy across all categories of
the types and extent of erosion, amounting to 85.79%. Upon category-wise analysis of the ¢
coefficient values, the UA was found to be lowest for ¢ = 0.2 (33.33%) and ¢ = 0.8 (63.16%).
Significantly higher UA values were observed for ¢ = 0.5 (92.31%), followed by ¢ =0.1
(100%), @ =0.15 (100%), @ = 0.9 (100%), and ¢ = 1.0 (100%). The low UA for values of 33.33%
and 63.16% are likely due to the mismatch between the predicted and actual classes in these
categories. The UA is the probability that a value predicted to be in a certain class really is
that class. It is calculated by dividing the number of correctly classified pixels in a class by
the total number of pixels predicted to be in that class. In this case, if the predicted classes
for values of 33.33% and 63.16% do not match the actual classes, the user accuracy will be
low. This could be due to various factors such as incorrect classification, noise or errors in
data, insufficient training data or complexity of categories. Regarding the PA, lower values
were noted for ¢ =0.2 (50%) and ¢ = 0.7 (67.86%). Higher PA was evident in the values
for ¢ = 0.1 (100%), ¢ = 0.15 (100%), ¢ = 0.8 (100%), ¢ = 0.9 (100%), and ¢ = 1.0 (100%).
The low PA can be attributed to several factors, in addition to those affecting UA, such as
insufficient training data, spatial resolution, and temporal factors. To improve the UA and
PA for these categories, it may be necessary to refine the classification algorithm, collect
more representative training data (especially for categories ¢ =0.2, ¢ = 0.3, ¢ =0.7, and
¢ = 0.8), use additional techniques to handle complex categories effectively, and address
any issues with data quality or spatial resolution. Applying Kappa statistics revealed an
accuracy of 0.82, indicating a high level of accuracy in the values of the types and extent
of erosion and slumps using the spectral BSI. According to the classification proposed by
Landis and Koch [109], Kappa statistics show that the classified data satisfactorily align
with representative samples [104,108,109]. The obtained raster layer of the ¢ coefficient
can be applied to create soil erosion maps and calculate erosion material production and
sediment transport.

5. Conclusions

This research highlights the important role of RS data in mapping soil erosion and
erosion processes, and it provides a new approach for identifying the ¢ coefficient, which
is one of the sensitive parameters in the EPM. According to the original method, this
coefficient is determined directly in the field through the visual inspection of erosion
processes and the delineation of their extent. Given that the field identification of this
coefficient is a highly demanding process, the main advantage presented in this study is the
application of the spectral BSI and its empirical relationship in mapping erosion processes.

By applying this approach to determine the ¢ coefficient and using satellite imagery,
hidden traces of erosion processes that are sources of erosion material and the cause of flash
floods in hilly and mountainous areas can be identified. These hidden traces of erosion
processes may not be visible in the field due to the presence of dense vegetation in forests
or crops on agricultural land. Thus, by using multispectral satellite images during both
vegetative and non-vegetative periods and applying combinations of different spectral
bands, it is possible to distinguish erosion traces despite the presence of dense vegetation.
The availability of a time series of multispectral satellite images obtained on a monthly
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basis is a key element in monitoring the occurrence of various types of erosion processes
(surface, mixed, and deep) in the field.

The proposed approach can further be applied in the EPM model to calculate soil
loss, sediment transport, and sediment production and to create a soil erosion map. This
process increases the efficiency of creating erosion maps, accelerates the process itself, and
reduces the number of field visits required, especially for larger study areas, at regional
and national levels. Additionally, the developed an erosion map significantly contributes
to decision-making, strategy formulation, and planning in the fields of erosion control, the
designation of erosion-prone areas, and flood defense planning.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/1s16132390/s1, Figure S1: Coefficient ¢ obtained based on the BSI
(sample 158 with ¢ = 0.84; sample 175 with ¢ = 0.90); Figure S2: Satellite image with samples 158
and 175; Figure S3: Coefficient ¢ obtained based on the BSI (sample 112 with ¢ = 0.73; sample 170
with ¢ = 0.85; sample 187 with ¢ = 0.42; sample 188 with ¢ = 0.74; sample 189 with ¢ = 0.77; sample
190 with ¢ = 0.82); Figure S4: Satellite image with samples 112, 170, 187, 188, 189, and 190; Figure S5:
Samples 112, 170, 187, 188, 189, and 190 after field investigations; Figure S6: Coefficient ¢ obtained
based on the BSI (sample 128 with ¢ = 0.67); Figure S7: Satellite image with sample 128; Figure S8:
Sample 128 after field investigations; Figure 59: Sample 128 after field investigations; Figure S10:
Coefficient ¢ obtained based on the BSI (sample 133 with ¢ = 0.71); Figure S11: Satellite image with
sample 133; Figure S12: Sample 133 after field investigations; Figure S13: Coefficient ¢ obtained based
on the BSI (sample 47 with ¢ = 0.57); Figure S14: Satellite image with sample 47; Figure S15: Sample
47 after field investigations; Figure S16: Coefficient ¢ obtained based on the BSI (sample 84 with
¢ = 0.50); Figure S17: Satellite image with sample 84; Figure S18: Sample 84 after field investigations;
Figure S19: Coefficient ¢ obtained based on the BSI (sample 80 with ¢ = 0.72); Figure S20: Satellite
image with sample 80; Figure S21: Sample 80 after field investigations.
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