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Abstract Human-induced agricultural and develop-
mental activities cause substantial alteration to the nat-
ural geography of a landscape; thereby accelerates the
geologic soil erosion process. This necessitates quanti-
fication of catchment-scale soil erosion under both ret-
rospective and future scenarios for efficient conserva-
tion of soil resources. Here, we present a revised uni-
versal soil loss equation (RUSLE) based soil erosion
estimation framework at an unprecedentedly high spa-
tial resolution (30 × 30 m) to quantify the average annu-
al soil loss and sediment yield from an agriculture-
dominated river basin. The input parameters were

derived by using the observed rainfall data, soil charac-
teristics (soil texture, hydraulic conductivity, organic
matter content), and topographic characteristics (slope
length and percent slope) derived from digital elevation
model (DEM) and satellite imageries. The developed
approach was evaluated in the Brahmani River basin
(BRB) of eastern India, wherein the different RUSLE
inputs, viz., rainfall erosivity (R factor), soil erodibility
(K factor), topographic (LS factor), crop cover (C fac-
tor), and management practice (P factor) factors have
the magnitude of 1937 to 4867 MJ mm ha−1 h−1 year−1,
0.023 to 0.039 t h ha MJ−1 ha−1 mm−1, 0.03 to 74, 0.16
to 1, and 0 to 1, respectively. The estimated average
annual soil loss over the BRB ranged from 0 to
319.55 t ha−1 year−1, and subsequent erosion categori-
zation revealed that 54.2% of basin area comes under
extreme soil erosion zones in the baseline period. Sim-
ilarly, the sediment yield estimates varied in the range of
0.96 to 133.31 t ha−1 year−1, and 35.81% area were
identified as high soil erosion potential zones. The ex-
tent of erosion under climate change scenario was
assessed using the outputs of HadGEM2-ES climate
model for the future time scales of 2030, 2050, 2070,
and 2080 under the four representative concentration
pathways (RCPs) 2.6, 4.5, 6.0, and 8.5. The severity of
soil erosion under climate change is expected to have a
mixed impact in the range of −25 to 25% than the
baseline scenario. The outcomes of this study will serve
as a valuable tool for decision-makers while
implementing management policies over the BRB, and
can be well extended to any global catchment-scale
applications.
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Abbreviations
ArcGIS Aeronautical Reconnaissance Coverage

Geographic Information System
ASTER Advanced spaceborne thermal emission

and reflection radiometer
BMPs Best management practices
BRB Brahmani River basin
C-factor Crop cover factor
DEM Digital elevation model
e.g. Exempli gratia
et al. And others
GCM General circulation model
GIS Geographical information system
HadGEM2-
ES

Hadley Center Global Environmental
Model, version 2 (Earth System)

i.e. that is
ICAR Indian Council of Agricultural Research
IDW Inverse distance weighting
IISWC Indian Institute of Soil and Water

Conservation
IMD India Meteorological Department
IPCC Intergovernmental panel on climate

change
K-factor Soil erodibility factor
LS-factor Topographic factor
LULC Land use land cover
MSL Mean sea level
MUSLE Modified universal soil loss equation
NBSS&LUP National Bureau of Soil Survey and

Land Use Planning
NDVI Normalized difference vegetation index
NICRA National innovations on climate resil-

ient agriculture
NRSC National remote sensing Centre
OLI Operational land imager
P factor Management practice factor
RCM Regional climate model
RCPs Representative concentration pathways
R factor Rainfall erosivity factor
RUSLE Revised universal soil loss equation
SCS Soil conservation service
SDR Sediment delivery ratio
TM Thematic mapper
USA United States of America
USDA United States Department of

Agriculture

USGS United States Geological Survey
USLE Universal soil loss equation
viz Namely

Introduction

Soil erosion is an adverse hydro-geologic phenomena
consisting of detachment and transportation of surface
soil particles from its initial location to the nearby loca-
tion for subsequent accumulation. Water plays the key
role in the detachment, transportation, and deposition
phase of soil erosion processes. The soil erosion process
gets accelerated by considerable human activities across
many places of the globe (Gabriels and Cornelis 2009).
Moreover, poor land-use practices also lead to consid-
erable increase in the soil erosion (Arnáez et al. 2015).

Globally, a number of soil loss assessment models
have been developed by several researchers, but each
model has its inherent limitations based on the input
availability, scale of application, and involved degree of
complexity (Chandramohan et al. 2015). Hence, no
single soil loss prediction model can dispense any solid
outcomes for assessing the soil erosion in a regional
scale application. Many complex phenomena influenc-
ing the soil erosion process were hypothesized through
simplified assumptions in order to smoothen the erosion
modeling process. In the literature, a number of
statistical/metric (empirical), conceptual (semi-empiri-
cal), and physical process-based (deterministic) models
are existing; those quantify the soil erosion process is
filed to regional-scale applications (Nearing et al. 2005).
However, the global applications are mostly confined to
the use of empirical models due to extensive data re-
quirements and lack of expertise of the modeler. The
empirical universal soil loss equation (USLE)
(Wischmeier and Smith 1965) is the most conventional
soil erosion model, developed based on extensive ex-
perimental data in the USA condition. The USLEmodel
mainly accounts for the soil loss process in the form of
sheet erosion followed by rill erosion occurred over an
agricultural watershed. Upon gradual advancement in
the soil erosion modeling, the modified universal soil
loss equation (MUSLE) proposed by Williams and
Berndt (1977) addressed the underlying limitations in-
volved in USLE, i.e., non-accountability of gully ero-
sion process and inability to compute the sediment
deposition. For estimation of sediment yield, USLE
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solely depends on the rainfall process but MUSLE
predicts the same by incorporating the effect of runoff
in the form of a peak runoff factor which is a conse-
quence of antecedent moisture condition in a locality.
Further, the revised universal soil loss equation
(RUSLE) is extensively adopted for soil erosion risk
assessment because of its flexibility in field-scale
applications and serves as a conventional tool for
conservational policy implementation (Kouli et al.
2009; Chen et al. 2011; Rawat et al. 2016; Mahala
2018).

The RUSLE estimates the average annual soil ero-
sion over land surface by simple multiplication ap-
proach of several input factors, viz., rainfall erosivity
factor (R), soil erodibility factor (K), slope length and
steepness, combinely known as topographic factor (LS),
cover management factor (C), and conservation practice
factor (P) (Renard et al. 1997). Further, from the man-
agement perspective, the sediment yield has more prac-
tical implications than the potential soil erosion in a
locality. In past studies, the sediment yield was estimat-
ed for the catchment using USLE or RUSLE in con-
junction with an empirical parameter called sediment
delivery ratio (SDR) (Boomer et al. 2008; Alatorre et al.
2010). This factor determines the transferability of sed-
iments from the hill slopes into the nearby streams
responsible for the erosion process. The selected study
region, i.e., Brahmani River basin is a highly industri-
alized basin, wherein extensive earthworks resulting
in significant alteration to the natural soil regolith
causing higher soil erosion. Moreover, the occurrence
of frequent floods due to anthropogenic changes in
the upstream of the Brahmani River induces profound
soil detachment in the floodplain; thereby moderates
both detachment and transport process of soil erosion.
The climate of a region corresponds to the long-term
(≥ 30 years) average weather condition of a region. It
accounts for acutely complex internal mechanisms
associated with individual meteorological variables
which are highly dynamic in nature. As defined by
the intergovernmental panel on climate change (IPCC),
the climate change points to an alternation in the
existing climatic condition of a locality which can be
detected (e.g., by some statistical means) by analyzing
the change in the variability of individual climate vari-
ables that may persist for a prolonged period (IPCC 4th
Assessment Report, Climate change 2007). Certainly,
some of the associated factors of RUSLE model tend to
alter its behavior in a climate change context; hence, a

significant variation will be observed in the soil erosion
magnitude in the future time scales. This leads to the
potential failure of the proposed policy (in baseline
scenario) in the future time scales, and subsequently,
the future time scales of the concerned location may
experience landslide and flood havocs with very high
periodicity. Ignoring these adverse consequences, a few
past studies have quantified the climate change impact
over catchment-scale soil erosion process with a lot of
simplified assumptions.

From this extensive review, the following research
gaps have been identified: (i) lack of studies in combin-
ing the RUSLE and geographical information system
(GIS) approach to estimate the soil erosion potential in
catchment-scale applications, (ii) a spatially distributed
SDR estimation approach has not been adopted in soil
erosion hazard studies, (iii) the past soil erosion model-
ing studies were carried out at a coarse spatial resolution
which may lead to erroneous modeling outcomes, and
(iv) no past studies quantified the soil erosion hazard
under a climatic change context. Considering the above
bottlenecks, this study tries to address the following
research questions: (i) Will the GIS-RUSLE based soil
erosion estimation approach provide a true insight about
the catchment-scale erosion process? (ii) How useful
will be the finer-scale (30 m) erosion modeling while
implementing the conservation practices in critical
areas? (iii) Does the SDR-based erosion assessment
approach has an edge over the conventional RUSLE
technique? (iv) What kind of variability in the soil
erosion process could be expected in a changing future
climatic scenario? Keeping these research questions in
mind, the specific objectives of this study are (i) to
develop an integrated GIS-based RUSLE approach to
quantify the existing soil erosion potential in the
Brahmani River basin, (ii) to estimate the actual soil
loss (sediment yield) by a spatially distributed SDR
approach over the basin, (iii) assessing the climate
change impact on the soil erosion process using suitable
general circulation model (GCM) for multiple future
time scales.

Materials and methods

Description of the study area

The Brahmani River is one of the major seasonal
flowing river in the state of Odisha. The formation of
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this river has occurred from the confluence of two rivers,
viz., South Koel and Sankh, which is situated between
latitude 20° 28′ and 23° 35′ N and longitude 83° 52′ to
87° 30′ E. The basin is comprised of 39,633.12 km2 area
(Fig. 1). The total basin is spatially distributed over the
following three states, such as 22,516, 15,405, and
1347 km2 in Odisha, Jharkhand, and Chhattisgarh, re-
spectively. The Sankh River, which is a major contribut-
ing river, originates from the border of Jharkhand-
Chhattisgarh which is very close to the Netarhat Plateau.
The other contributing river, South Koel also begins from
Jharkhand, at Lohardaga, on the other side of a watershed
from where Damodar River originates. The basin eleva-
tion ranges from 1 to 1169 m with respect to mean sea
level (MSL). Almost half of the basin area is confined
under 100m elevation. Agriculture (kharif and rabi crop)
and deciduous forest are the major land use classes,
which combinedly covered 70% area of the total basin.

The Brahmani River flows through a length of ap-
proximately 446 km; thereby affects a considerable por-
tion of land area surrounding it. The Brahmani river
basin (BRB) lying in a tropical region and climate is
predominantly semi-arid. The temperature ranges be-
tween 4 to 47 °C over the BRB region. The average
annual rainfall is about 1305 mm with erratic variation
occurs between 969 and 1574 mm. The spatial distribu-
tion of soil types indicate that the study area is catego-
rized under three major soil classes, i.e., yellow, gravelly
red, and red soil; wherein the central part of state Odisha,
is enriched with loam soil texture, and loam and laterite
soil texture are observed in the downstream of the basin.

Database

The key inputs for RUSLE consists of the digital eleva-
tion model (DEM), soil hydraulic parameters (sand, silt,
clay, and organic matter content), spatial land use/land
cover information, and daily precipitation data. Five
tiles of 30-m spatial resolution ASTER DEM were
obtained from the USGS earth explorer website
(http://earthexplorer.usgs.gov) which completely
encompassed the study area for watershed delineation
and extraction of stream network (Fig. 1). Monthly
average rainfall values of all the sub-basins within the
BRB were procured from the India Meteorological De-
partment (IMD) for the period of 1951–2014 (Adhikary
et al. 2019; Dash et al. 2019; Dash et al. 2020a). The
essential soil information, including the percentage of
soil texture, organic matter, and soil permeability, were

procured from the National Bureau of Soil Survey and
Land Use Planning (NBSS&LUP), Nagpur, Maharash-
tra. The DEM was also utilized for topographic charac-
terization such as slope length and steepness of the
basin. For the classification of land use, NRSC land
use information (scale 1:250000) was adopted and 16
distinct land use classes were identified. The Landsat
TM 8 (OLI) images of the year 2015 were procured and
utilized for calculating normalized difference vegetation
index (NDVI) later which was utilized for estimating the
crop coverage factor (C factor).

Model structure

This study adopts RUSLE model to estimate the poten-
tial soil erosion in a tropical Indian River basin. It
requires meaningful input variables and those could be
easily got from the available data sources. Presently,
RUSLE model is the best-known modeling tool to sim-
ulate the actual soil potential at coarse to fine spatial
scales, i.e., from field scale to country scale or regional
and to subsequent local scales. The model is also appli-
cable to typical landform where extensive mining is
carried out, and the soil is directly exposed to the impact
of raindrops, and subsequently, affects crop lands, range
lands, forest lands, construction sites, reclaimed lands,
landfills, parks, military training sites causing rapid
increase in surface runoff. As per Renard et al. (1997),
the input parameters of RUSLE, which were estimated
using the continuous information of weather, land use,
soil, and topographical information, and subsequently,
evaluates the streamflow dynamics and soil erosion
caused due to direct correlation between rainfall and
surface runoff process. This model has been extensively
used for estimating the soil erosion potential and its risk
assessment thereby provides guidelines to rehabilitate
the erosion-prone areas through adoption of suitable
management policy (Ostovari et al. 2017; Biswas and
Pani 2015).

Parameterization of RUSLE model

RUSLE acts as a powerful model, which quantifies the
long-term rill and inter-rill erosion process occurring
over various agricultural and forest catchments. It is
quite similar to the structure of USLE, but with a sim-
plified nature in terms of the optimal use of the available
data sources. RUSLEmodel uses five model parameters
to estimate the average annual soil loss in a region. The
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average annual soil loss in a region as estimated by
RUSLE is represented as

SE ¼ R� K � L� S � C � P ð1Þ

where SE is the estimated potential soil loss
(t ha−1 year−1); R is the rainfall erosivity index
(MJ mm ha−1 h−1 year−1); K is the estimated soil erodibil-
ity factor (t h ha MJ−1 ha−1 mm−1); LS is the topographic
factor that combines the slope length and slope steepness
factor;C is the land use specific cover management factor;
P is the conservation support practice factor.

Further, a more detailed description about the steps
followed to estimate the above-said RUSLE parameters
are illustrated in Fig. 2.

Derivation of RUSLE parameters

Rainfall erosivity factor (R factor)

R factor corresponds to the potential capability of the
rainfall intensity to result in soil erosion from an

uncovered surface (Renard et al. 1997). Rainfall erosiv-
ity is the long term average value of the yearly rainfall
erosivity value for a particular location. It solely de-
pends on the physical characteristics of the rainfall,
viz., the amount of rainfall, intensity of rainfall, raindrop
size, terminal velocity, and kinetic energy. Wischmeier
and Smith (1978) established an initial relationship be-
tween rainfall erosivity and rainfall depth and later
revised by Arnoldus (1980) capable of capturing the
monthly rainfall dynamics in a region, as given by

R ¼ ∑
12

i¼1
1:735� 10

1:5�log
P2
i
P

� �
−0:08188

� �
ð2Þ

where Pi is the monthly rainfall (mm) in the ith month; P
is the magnitude of average annual rainfall (mm). The
climatic characteristics of the chosen study site resem-
bles the climate, where the original Arnoldus equation
was developed. To estimate the R factor, monthly time
series of rainfall for the period 1951–2015 was used in
this study. The estimated R factor identified the critical
regions where the rainfall causes the maximum potential

Fig. 1 Study area (Brahmani River basin) location
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detachment of soil particles due to the caused rainfall
intensity.

Soil erodibility factor (K factor)

The K factor is determined on the basis of physical and
chemical properties of the top soil layer of a region. It
measures the inherent erodibility potential of soil parti-
cles through detachment, and subsequent, transportation
caused by the rainfall and generated streamflow. The K
factor is prone to maximum variability in a locality
while other factors remain unchanged (Wischmeier
and Smith 1978). The K factor was computed using
the previously defined soil texture estimates as given
by Wischmeier and Smith 1978:

K ¼ 0:1317� 0:00021�M 1:14 � 12−að Þ þ 3:25 b−2ð Þ þ 2:5 c−3ð Þ
100

ð3Þ
where M is a function of soil textural parameters, given
by

M ¼ %Silt þ%VFSð Þ � 100−%Clayð Þ
a is the soil organic matter in percentage; b is the soil

structural code used in Eq. (3), viz., clay = 1, clay loam

and silty clay loam = 2, loam and silty loam = 3; c is the
permeability of soil profile (Vaezi et al. 2010) as classi-
fied based upon the saturated hydraulic conductivity
(Ks) as presented in Table 1. The K factor value ranges
from 0.023 to 0.039 t h ha MJ−1 ha−1 mm−1 in the
present study, where lower value corresponds to soils
with least susceptibility to erosion while higher value
signifies to soils with higher susceptibility to erosion
caused by rainfall and runoff.

Slope length factor (L factor)

The slope length is expressed as the linear distance
between the overland flow origin point to the location
where the slope extent reduces adequately to initiate
deposition process. The erosive velocity gradually in-
creases with increase in the slope length, and subse-
quently, intensifies the resulting surface runoff. Since
field-scale measurement of L and S factor is highly cost
and time expensive, indirect remote-sensing based ap-
proaches are getting significant attention for such esti-
mation. Hence, the DEM-based approach suggested by
Desmet and Govers (1996) in the USA condition, was
applied to address the inherent limitations involved in
the field-scale estimation of L factor, given as

Fig. 2 Flow chart for the estimation of soil erosion using RUSLE
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L ¼ Aij−in þ D2
� �mþ1−Amþ1

ij−in

Dmþ2 � Xm
ij � 22:13m

ð4Þ

where Li,j is the slope length factor with cell coordinates
(i, j); Ai,j-in is the contributing area at the inlet of the
respective cell grid having coordinates (i, j) (m2); m is
the exponent of slope length factor used in the RUSLE.

Slope steepness factor (S factor)

The soil erosion potential of the concerned location is
characterized by the S factor which gets substantially
affected by the slope steepness. The slope steepness
factor is elucidated as the ratio of soil loss from a field
having certain slope gradient to that from an experimen-
tal plot having 9% slope under identical conditions. To
calculate the S factor, the approach suggested by
McCool et al. (1987) was adopted, as given by

S ¼ 10:8Sinθþ 0:03 if S < 9%ð Þ ð5aÞ

S ¼ 16:8Sinθ−0:50 if S≥9%ð Þ ð5bÞ
where θ is the slope magnitude, represented in degree.

The L and S factors are combinely known as the
topographic (LS) factor which represents the behavior
of surface soil, and subsequently, influences the soil
erosion processes. Precisely, the transportation phase
of the soil erosion process is mostly governed by the
topographic factor.

Crop cover management factor (C factor)

The C factor describes the consequences of crop growth
and productivity, soil cover, subsurface bio-mass on the
soil erosion process. It is represented as the ratio of soil
loss in a cropped land under managed conditions to the

respective loss from a continuous tilled, fallow land
(Wischmeier and Smith 1978). The relationship pro-
posed by Zhou et al. (2008) and Kouli et al. (2009) were
adopted in this study to estimate the C factor, as given
by

C ¼ exp −α
NDVI

β−NDVI

� �
ð6Þ

where α and β are the shape parameters that determine
the shape of NDVI-C curve, wherein the values ofα and
β values were treated as 2 and 1, respectively (Van der
Knijff et al. 2000). The spatial variation of C factor is
shown in Fig. 4d which varies between 0.16 and 1.

Conservation practices factor (P factor)

The P factor is depicted by the loss of soil under a
particular conservation practice to the respective soil
loss from a field having continuous up- and downslope
tillage (Renard et al. 1997). The values of P factor were
selected on the basis of the magnitude of slope and
followed soil management practices in a region. The
previously land use map of the study area was overlaid
in conjunction with the information obtained regarding
the management practices adopted in this area, and
subsequently, the value of P factor was obtained. Dif-
ferent weights were assigned to individual management
practices and land slope classes for the analysis. The
management practices which reduce the soil erosion to a
greater extent were assigned higher weights and vice
versa. Later on, a subsequent raster overlay operation
was performed in ArcGIS 10.1 for developing the P
factor map. The value of P factor ranges from 0 to 1,
where the values close to 1 correspond to the critical
erosion-prone areas. The P factor value adopted for
different combinations of land slope and management
practices are depicted in Table 2.

Estimation of sediment yield and soil erosion potential

Once the various RUSLE parameters computation is
over, the thematic layers of individual RUSLE parame-
ters were prepared using the ArcGIS 10.1 software. All
the prepared thematic layers were then multiplied using
raster calculator tool of the ArcGIS 10.1 software. This
process generates a spatially distributed soil erosion map
of the concerned basin. However, from management
prospective, sediment yield (SY) has more importance

Table 1 Adopted profile permeability value (c) classification

c value K (mm h−1)

1 > 150

2 50–150

3 15–50

4 5–15

5 1–5

6 < 1
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over the potential soil erosion as they quantify the
amount of soil moving out from the watershed.
Hence, a sediment delivery ratio (SDR) based sedi-
ment yield estimation approach has been incorporated
in this study. Sediment yield is the amount of total
erosion taking place in the catchment that was not
accumulated before and going out from the watershed
in a given time span. In general, sediment yield at a
point location is a function of the total erosion and
SDR magnitude at that point. The fraction of the total
erosion that is getting transported to the measurement
location is termed as SDR, which signifies the sedi-
ment transport efficiency of the concerned location.
The SDR estimation approach suggested by USDA
SCS is adopted in this study, given by

SDR ¼ 0:51� A−0:11 ð7aÞ

SY ¼ SDR� SE ð7bÞ

where A is the watershed area in km2; and SY is the
sediment yield (t ha−1 year−1).

The sediment yield so estimated here corresponds to
the actual soil loss taking place in the concerned location
and estimated for individual image pixels having a
spatial resolution of 30m. In order to identify the critical
locations for implementing the best management prac-
tices (BMPs), a systematic categorization of potential
soil erosion location is of utmost importance. Hence, a
user-defined classification system has been introduced
in this study which consists of six potential soil erosion
zones based on the user-defined individual soil erosion
threshold value as depicted in Table 3. Further, the
similar classification criteria were well extended to un-
derstand the sediment yield dynamics over the catch-
ment of BRB.

Climate change impact assessment

The climatic of the study area is subjected significant
alteration in the future time scales. In the climate change
context, the RUSLE-based soil erosion process is sub-
jected to variation due to changes in the future rainfall
pattern, LULC, and followed management practice.
However, the estimation of future LULC change and
possible addition of management practice is beyond the
scope of this study. Moreover, the topographic factor
which is primarily a function of soil type and texture is
subjected to a very slow change in the future time scales,
hence, were assumed constant in this study. The varia-
tion in the rainfall magnitude and intensity directly
affects the R factor of the RUSLE model. Hence, to
predict the soil erosion potential of study area under
climate change scenario, the revised estimation of R
factor is inevitable.

As precipitation is the only desired climatic variable
that is prone to alteration in its magnitude in the future
climate change context, emphasis was given to analyze
the future precipitation anomalies in the BRB. Recently,
many general circulation model (GCM) and regional
climate model (RCM) are widely used across the globe
to quantify the future climatic alterations ranging from
field scale to regional scale applications (Padhiary et al.
2019; Dash et al. 2020b). The Hadley Center Global
Environmental Model, Version 2, Earth System
(HadGEM2-ES) which is available at a spatial resolu-
tion of 1.875° × 1.25° was used in this study. Prior to the
analysis of soil erosion potential of individual sub-ba-
sins, the GCM was bias corrected using the quantile
mapping bias-correction technique, and subsequently,
downscaled to a spatial resolution of 1 km × 1 km. A 5th

order polynomial is fitted to each pixel in the GCM

Table 2 P-factor values for different slope and land management
classes

Slope (%) Land management practices P factor

0.0–7.0 Strip cropping 0.55

7.0–11.3 Contour bund 0.60

11.3–17.6 Graded bund 0.80

17.6–26.8 Broad-base terrace 0.90

> 26.8 Bench terrace 1.00

Table 3 User-defined classification to identify potential soil ero-
sion zones

Serial no. Soil erosion zone Potential soil loss/sediment yield
value (t ha−1 year−1)

1 Very low 0–5

2 Low 5–10

3 Moderate 10–20

4 High 20–40

5 Very high 40–80

6 Extreme > 80
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output to obtain the time trend and a cubic convolution
approach of interpolation approach was followed to
downscale it to 1 km spatial resolution. The recalculated
difference was added to the baseline to obtain the down-
scaled rainfall value. The rainfall data was analyzed for
the four representative concentration pathways (RCPs),
i.e., 2.6, 4.5, 6.0, and 8.5 for four future time slices of
2030, 2050, 2070, and 2080. The centroid point of
individual sub-basin of the BRB was determined using
the ArcGIS 10.1 software and respective precipitation
values were extracted for all the RCP scenarios. Further,
using the methodology discussed in “Rain erosivity
factor (R factor)” section, modified R factor map was
prepared for all the individual RCP scenarios using the
downscaled precipitation estimates. Further, this R fac-
tor value was multiplied with the K, L, S, C, and P
factor, in order to generate the potential soil erosion
maps for future climate change scenarios. Similarly,
these estimated soil erosion values were multiplied with
the previously generated SDR map to obtain the sedi-
ment yield across all the pixel locations. Finally, the
percentage change in the sediment yield between future
projection and baseline period was calculated for indi-
vidual sub-basins of the BRB followed by identification
of critical erosion-prone locations of the BRB.

Results and discussions

The monthly average rainfall values of 23 IMD grid
points for the year 1951–2014 were used in this study
for the estimation of R factor in individual grid cells of
BRB. The spatial variation between the rainfall depth
and erosivity across these selected locations is presented
in Fig. 3. For most of the locations, the rainfall erosivity
value bears a direct linear relationship with the rainfall
depth magnitude, the highest being observed at
grid#222. Using the point rainfall erosivity values, in-
verse distance weighting (IDW) approach of interpola-
tion had been incorporated to prepare spatial distribution
map of R factor and presented in Fig. 4a. The rainfall
erosivity value was found to be ranging between 1937
and 4867 MJ mm ha−1 h−1 year−1 and majority of the
values were below 2500 MJ mm ha−1 h−1 year−1. The
higher numbers of such values were confined to the
central part of the basin and could be consequenced
due to the erratic distribution of rainfall events over the
study basin.

TheK factor thematic layer was prepared by adopting
the previously discussed methodology (the “Soil erod-
ibility factor (K factor)” section) and spatial distribution
of K factor values presented in Fig. 4b. The mean of K
factor was observed to be 0.031 t h ha MJ−1 ha−1 mm−1

with the higher values were distributed in the down-
stream regions of the BRB. Since finer resolution soil
parameters were used in this case, standard deviation
value of 0.003 t h ha MJ−1 ha−1 mm−1 was observed
among the spatially distributed value of the K factor. It
was found that for loam soil, the K factor was highest,
i.e., 0.03946 t h haMJ−1 ha−1 mm−1 and was more prone
to the soil erosion hazard.

Both the L and S factors were calculated individually
and later combined as the topographic factor (LS factor)
which was calculated through multiplication of the L
and S factor. A spatially distributed thematic layer of LS
factor was generated for this study basin and was illus-
trated in Fig. 4c. The value of LS factor was found to be
varying between 0.03 for flat regions to 74 in case of
steep slopes. More than 80% of catchment area was
covered by LS factor value between 1 and 5, indicates
less diverse topography of the basin. Moreover, all the
pre-defined ranges of LS factor were found to be uni-
formly distributed and indicated the presence of a mod-
erately low to moderately high LS factor value in the
study region. Thus, the least effect of topography over
the soil erosion process was observed throughout the
soil erosion modeling of the BRB.

The NRSC procured LULC map at a spatial scale of
1:250000 was considered as the reference map for
performing the supervised land use classification. Six-
teen distinct land-use types were identified from the
resulting classification, given by (1) residential-high
density urban area, (2) fallow land, (3) water bodies,
(4) evergreen forest, (5) deciduous forest, (6) kharif
crop, (7) zaid crop, (8) rabi crop, (9) double and triple
crop, (10) shrub land, (11) grass land, (12) barren or
sparsely vegetated land, (13) gullied land, (14) scrub
land, 15) orchard, and (16) shifting cultivation and
shown in Fig. 5a. The NDVI map was generated using
the Landsat TM 8 (OLI) image followed by the creation
of C factor thematic layer map. During the course of
computation of C factor, the parameters α and β were
considered as 2 and 1, respectively, as obtained from the
study conducted by Van der Knijff et al. (2000). These
adopted parameters justified the exponential relation-
ship among the NDVI and C factor. The pixel wise
NDVI values were overlain to the basin LULC map
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(raster map) to construct a spatially distributed
C factor map of the basin. For the crop lands and
gullied lands, the effect of crop types and manage-
ment practices adopted for reclamation of gullied land
were conceptualized to generate a realistic C factor
map. The C factor ranged from 0.16 to 1, wherein the
lower values corresponded to dense evergreen forest
regions and higher values signified to bare rocky
terrains (Fig. 4d).

The P factor corresponds to the reduced soil erosion
hazard as a result of the protective management
operations/structures adopted in a specific region.
Hence, in this study, an integrated land slope and man-
agement operation based P factors were generated and
presented in Table 2. Incorporating these values in raster
calculator and by providing suitable query, a spatial map
of the P factor for the whole basin was prepared
(Fig. 5b). The P factor value was found to be ranged
from 0 to 1, wherein 0 indicates areas having the lowest
erosion potential as a consequence of suitable adaptive
measures and 1 corresponds to the severe erosion-prone
areas consequenced due to lack of suitable management
practices.

Estimation of annual potential soil loss and sediment
yield

To estimate the average annual potential soil loss, all the
six erosion causing factors so prepared in the form of
raster maps were multiplied in ArcMap 10.1 with use of
the raster calculator tool. In Fig. 5c, the annual potential
soil loss for the whole basin represented in the form of a

spatial plot depicting the pixel-wise variation in the soil
erosion across the BRB. Further, by adopting the user-
defined classification criteria, the area under potential
soil loss and sediment yield for individual classes were
presented in Table 4. The reclassified soil erosion map
revealed that very high and extreme soil erosion-prone
areas were the two dominant erosion classes present in
the basin, whereas the area under low erosion class was
very less. Lower and upper part of the basin was
shrouded with less soil erosion potential, approximately
0 to 5 and 5 to 10 t ha−1 year−1. This kind of soil erosion
distribution may be due to the presence of the plain
topography and lower rainfall erosivity value over these
locations. The default erosion potential value of
waterbodies was treated as zero and can be well inferred
from the Fig. 5c. The major portion of the BRB, i.e.,
54.20% was under the extreme soil erosion risk class
and 33.19% under very high soil erosion risk class,
located mostly toward the ridge line and central part of
the basin. The remaining soil erosion risk classes, such
as high, moderate, and very low account for 9.27%,
0.72%, and 2.31% of total basin area, respectively.

The SDRs values were obtained using USDA SCS
formula, for all the 126 sub-basins of the area. The SDR
values were found to vary from 0.22 to 0.54 and distrib-
uted in an un-even manner in the basin (Fig. 5d). A SDR
value of 0.22 to 0.32 was coveringmore than 95% of the
whole basin. The minimum basin area was found to be
falling under the SDR range of 0.32 to 0.42. These
estimated values of SDR were used in the equation
suggested by Wischmeier and Smith 1978, and the
sediment yield (SY) was considered for individual sub-

Fig. 3 Spatial variation of rainfall and erosivity in Brahmani River basin
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(b)

(c) (d)

(a)

Fig. 4 The thematic layer represent (a) rainfall erosivity factor map; (b) soil erodibility factor map; (c) topographic factor map; and (d) cover
management factor map of the study area
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(a) (b)

(c) (d)

Fig. 5 (a) Land use map; (b) conservation practice factors map; (c) annual potential soil loss map; and (d) sediment delivery ratio map of the
Brahmani River basin
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basins of the case study. The SY values in the basins
were found to be varying between 0.96 and 133.31 t
ha−1 year−1 for the concerned study period. For classi-
fying the critical sediment yield regions, the estimated
SY values were categorized to six classes, i.e., 0‑5, 5‑10,
10‑20, 20‑40, 40‑80, and > 80 t ha−1 year−1 and the
reclassified map is illustrated in Fig. 6. The SY values
in the ranges of 20 to 40 (high soil erosion potential), 10
to 20 (moderate soil erosion potential), and 40 to 80
(very high soil erosion potential) t ha−1 year−1 covered

35.81%, 35.28%, and 19.36% of the total basin, respec-
tively. The area under remaining soil erosion risk classes
like very low, low, and extreme were found to be very
less in the BRB. The areas having soil loss ranging
between 10 and 20 t ha−1 year−1 were mostly flat areas
with evergreen forest cover (Fig. 7a). Similarly, areas
having soil erosion ranging from 20 to 40 t ha−1 year−1

were typically from the agricultural lands, residential
areas, while some were under the deciduous forest areas
having smaller slope ranges (Fig. 7b) having the similar
soil erosion potential in most of the areas of the water-
shed. In past, areas near Dholduba, Kindhal, Remal dam
in the Dandadhar reservoir of Odisha had experienced
similar severity of soil erosion. Further, areas with po-
tential soil loss in the range of 40 to 80 t ha−1 year−1

were generally agricultural and deciduous forested lands
with higher slopes (Fig. 7c) and found near the Birkera,
Badbhulta locations of Odisha and Hatnabera and
Sindribera locations of Jharkhand state falls under this
class of soil loss potential. Areas with potential soil loss
> 80 t ha−1 year−1 were mostly experienced in steeper
slope, riverbank areas, urban areas, deciduous forest,
and scrub lands (Fig. 7d). These soil erosion-prone areas
were confined to the Ludhuni and Bartengada locations
of Odisha. For those areas, the river followed a
meandered path, which could be the prime cause behind
this higher magnitude of soil erosion potential. More-
over, the presence of industrial plants in these locations
could have accelerated the soil erosion process to a
greater extent. The higher SY values were mostly ob-
served at the central part of the study basin, which was
an indicative of the fact that a higher LS factor in
conjunction with an increased R factor value has
consequenced this hazard.

Estimation of R factor map in a climate change context

In the present study, the impact analysis was limited to
the effect of climate change only. It was assumed that no
change will happen to the LULC and topography of the
area during the concerned period. Thus, only R factor of
RUSLE is susceptible to alteration in a climate change
scenario due to the variation caused to the rainfall mag-
nitude and intensity of the location. Therefore, before
analyzing the changes that happened to the soil erosion
potential over a locality, it was quite imperative to
analyze the spatiotemporal variation in R factor across
the concerned region under the climate change context.
The future R factor maps for all the four scenarios and

Table 4 Categorization of the soil erosion potential and sediment
yield

Erosion
class

Erosion
potential

Potential soil loss area Sediment yield area

(km2) (%) (km2) (%)

1 Very low 917.03 2.31 1188.30 2.99

2 Low 110.97 0.28 2738.25 6.90

3 Moderate 286.85 0.72 13,985.10 35.28

4 High 3677.27 9.27 14,195.46 35.81

5 Very high 13,154.22 33.19 7674.02 19.36

6 Extreme 21,484.57 54.20 42.14 0.10

Fig. 6 Sediment yield map of the study basin
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for all the time slices were generated and shown in
Fig. 8.

Climate change impact analysis on future potential soil
erosion

The R factor maps prepared for each scale of time and
for individual RCPs were multiplied with the previously
estimated soil erodibility factor (K), topographic factor
(LS), cover management factor (C), and conservation
practice factor (P) to get the potential soil loss in each
time scale of individual RCPs. Then the SDR value for
each sub-basin was multiplied with each potential soil
loss value of each time scale to get the sediment yield
value of each time period of individual RCPs. Further,
the percentage change in SY with reference to the base
period was calculated. Later on, a spatial sediment yield
map showing percentage change with respect to the base
period was generated by averaging over all time scales

and presented in Fig. 9. The minimum, maximum, and
average values of percentage change in sediment yield
were calculated and a graphical representation was il-
lustrated in Fig. 10.

From the general comparison between the base peri-
od soil erosion and the future soil erosion, it was evident
that erosion rates were significantly higher in the future
time scales as the rainfall depth was higher in the future
time slices. Moreover, the spatial distribution of the soil
erosion process was highly discrete and uncertain in the
future time period. The future climate change scenario
also signified a gradual growth of soil erosion process
across a significant portion of the BRB. However, the
rate of growthwas found to be highly un-even across the
complete spatial domain of the basin. Only, 9.5% of
complete basin area will experience more than 100%
change in sediment yield and such areas were certainly
confined to the localities of the river and reservoir
banks. Upon an increase in the rainfall magnitude, the

Fig. 7 (a) Areas with soil loss between 10 and 20 t ha−1 year−1; (b) 20 and 40 t ha−1 year−1; (c) 40 and 80 t ha−1 year−1; and (d) more than
80 t ha−1 year−1
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erosion rate will increase, and subsequently, will cause
more damage to the soil resource of that location. A
detailed analysis revealed that only 4.8% of the total
basin area may experience a change between 75 and

100% for sediment yield. Similarly, the areas adjacent to
the tributaries of Brahmani River will be at higher risk of
erosion due to increased streamflow of the river as
confirmed by the study conducted by Dash et al.
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0
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Fig. 8 Variation in R factor over all future time slices
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(2020b). Further, 36.5% of the basin area showed the
increase in sediment yield between 25 and 75% signi-
fying moderate erosion hazard in the BRB in future time
scales. As predicted earlier, climate change tends to
increase the spatial variability as well as the magnitude
of the rainfall, and becomes the key reason behind the

increase in soil erosion potential in the study locations.
The higher percentage of area, i.e., 42.9% showed var-
iation in percent change between −25 and 25%, which
were an indicative of the fact that deposition and erosion
rate in those areas will be in the same rate and will be
treated as stable locations from the perspective of ero-
sion hazard. This indicated the fact that climate change
impact would be considerable in the majority of the sub-
basins of BRB. Therefore, the above-said locations
would be at less risk of erosion. Similarly, 6% of the
basin area showed a percentage change in SY as less
than 25% corresponds to minimal attention of
policymakers in the future. That location where percent-
age decrease showed maximum was verified to be well
covered with vegetation and less severe slope classes.
The base period sediment yield in those areas was also
found to be less and treated as very low erosion-prone
regions. Figure 10 shows the graphical representation of
the sub-basin-wise minimum, average, and maximum
change in sediment yield and it can be inferred that the
sub-basin 73 will have the maximum percentage change
in SY. As this area mainly covers the deciduous forest
and fallow lands, the SY in the base year was also high
in this sub-basin. Moreover, in the future time period,
those areas may experience higher soil erosion threats.

Conclusions

The objective of the study was to assess the soil erosion
risk in the present and future time period in the BRB that
covers major portions of the states like Odisha,

Fig. 9 Percentage change in sediment yield averaged over all
RCPs of all time scale

Fig. 10 Graphical representation of percent change in sediment yield with minimum, average, and maximum range value
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Jharkhand, and Chhattisgarh and frequently experienc-
ing the adverse climatic change conditions such as
droughts, floods, and tropical cyclones in the recent
whiles. In this study, the RUSLE model along in con-
junction with the remote sensing and GIS technique was
used to analyze the potential soil erosion and SY of the
BRB. Due to the unavailability of necessary observed
data, partial features were derived from the satellite
imageries with suitable pre- and post-processing opera-
tions. By overlying the five essential thematic layers, the
potential soil erosion map for the basin was generated.
Further, implementing a novel methodology, the SDR
map was derived, and subsequently, used to estimate the
SY occurring from individual sub-basins. Climate
change impact analysis was carried out for the future
time scales of 2030, 2050, 2070, and 2080. It was
presumed that in the upcoming years, only the rainfall
erosivity factor will vary because of the variation in
rainfall depth and intensity while all other factors such
as LULC and topographywill remain the same as that of
the base period. The R factor maps for all the future time
periods under all RCPs scenarios were prepared as per
the predicted rainfall from HadGEM2-ES GCM model.
These newly generated R factor maps were then used to
obtain the sediment yield fluxes for the future periods
and subsequently, the percentage change in SY with
reference to the base year was derived for all time period
of all RCPs. Some critical observations pertaining to this
research are depicted below.

i) The potential soil loss in the BRB varies between 5
and 319.55 t ha−1 year−1, wherein 54.2% of basin area
have a rate of soil loss more than 80 t ha−1 year−1.

ii) The SDR value of the area lies in the range of 0.22
to 0.54 resulting in SY of the basin to vary in the
range of 0.96 to 133.31 t ha−1 year−1. The SY
estimated by using the developed SDR map indi-
cates that most of the basin area (35.81%) has SY
value lies between 20 and 40 t ha−1 year−1.

iii) The critical areas from both potential soil erosion
and SY perspective are confined to the central part
of the basin due to the presence of more tributary
rivers and industries.

iv) In the climate change context, 42.9% of the area
(maximum) shows percent change in sediment
yield between −25 and 25% and signifying mini-
mal alteration to the sediment yield value. Howev-
er, 9.5% of basin area experienced a change more
than 100% and are mostly confined to the central

part where the Rengali reservoir is located. This
envisages, the condition of critical areas from sed-
iment yield perspective is going to be worsen in the
future.

v) The sub-basin 73, which is situated just down-
stream of the Rengali reservoir, was found to be
the most critical sub-basin from erosion point of
view, thereby warrants critical consideration from
the policymakers.

The outcomes of this study indicate that the GIS-
based RUSLE approach can be applied for quantifica-
tion of soil erosion potential across BRB during both
present and future climate scenarios. Moreover, the
identified critical locations and expected change in soil
erosion potential value may help the policymakers by
giving an insight about the locations, where the soil
conservation structures can be constructed, so that the
soil erosion can be checked within the accepted limit.
Conclusively, the methodology proposed herein can be
well extended to any global river basins for catchment-
scale assessment of soil erosion hazard.
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