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ABSTRACT

Soil erosion management is a crucial component of sustainable soil and water management, especially in regions where agricul-
tural productivity is at risk and areas that are more vulnerable to the impacts of climate change, such as the Himalayan region.
This study explores soil erosion dynamics in the JThelum Catchment, India, using advanced mapping and modelling techniques to
analyse and predict trends of potential soil loss from 2020 to 2090. The study integrates the RUSLE model with projected climate
to assess the impact of climate change on soil erosion and rainfall erosivity. The InVEST SDR model is used to quantify sediment
transport and specific sediment yield, enhancing our understanding of the hydrological processes that drive soil erosion and
sediment mobilisation in the Jhelum Catchment. The RUSLE, along with advanced climate modelling, land-use data, and spatial
analysis, is used in this study to predict trends in soil erosion. Climate data from the Coupled Model Intercomparison Project
Phase 6 (CMIP6) is combined with data from the India Meteorological Department (IMD) to project rainfall erosivity (R). R, along
with soil erodibility (K), slope length and steepness (LS), land cover (C), and support practices (P) factors, are mapped and applied
in the Revised Universal Soil Loss Equation (RUSLE) model, which evaluates the potential for soil erosion. This study forecasts
soil loss trends by combining climate data, land-use information, and spatial analysis from 2020 to 2090 under two scenarios
[SSP245 (moderate emissions) and SSP585 (high emissions)|. Results indicate escalating soil loss, particularly in less severe areas
in 2020, highlighting the dynamic threat. The mean value of soil loss for SSP245 exhibits a continuous rise from 46.17 t/ha/year
in 2030 to 51.54 t/ha/year in 2090. SSP585 shows a more severe trend, peaking at 71.67 t/ha/year in 2090. The study also classifies
potential soil loss into severity classes, observing a decrease in the percentage area of less severe classes over time. Soil erosion
class-wise projections from 2020 to 2090, based on LULC and soil type, reveal trends across various categories of land use, in-
cluding Agriculture, Forest, Built-up Areas, and Grass/Grazing Land, as well as soil types like Cambisols, Lithosols, Glaciers,
and Inland Water. These results highlight the urgent need for proactive interventions, offering practical insights for sustainable
land management and providing actionable guidance for strategic planning and policy development focused on sustainable ag-
ricultural practices and climate change adaptation. This novel approach integrates advanced modelling and GIS-based analysis,
making it applicable to other catchments with similar climate and land-use challenges. The study's findings directly apply to
informing land management strategies, making the research highly relevant and practical.
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1 | Introduction

The significant effects of human activities on the deple-
tion of natural resources have become increasingly clear
(Lampert 2019). To tackle this issue, it is essential to use effec-
tive tools such as Geographic Information Systems (GIS) and
hydrological models. These tools are crucial for evaluating
the consequences of human activities (Berger et al. 2021) and
for understanding changes in hydrology (Genxu et al. 2005).
Climate change influences water availability in the Heihe
River Basin catchment (Zhang et al. 2016) and enhances hy-
drological components, altering their patterns and regimes
(Stagl et al. 2014). Climate change and urban expansion are
increasing flood risks in the Ganges-Brahmaputra-Meghna
(GBM) delta (Wu et al. 2024). The frequency of extreme
weather events is expected to increase significantly due to
climate change (Solomon 2007). Furthermore, an increase
in precipitation intensity leads to greater erosion and higher
sediment yield (Tao et al. 2017). Urgent action is required to
mitigate the impacts of climate change on water availability
(Tabari 2020). Changes in land use have a significant im-
pact on hydrological processes and sediment yield (Sharma
et al. 2023; Siswanto and Francés 2019). Alterations in land
use significantly influence soil erosion rates, especially in
areas undergoing rapid development (Li et al. 2014). Extensive
research highlights a crucial link between climate change
and sediment yield, underscoring the importance of address-
ing this pressing issue (Chuenchum et al. 2020). Projections
indicate climate-induced alterations will likely impact sedi-
ment yields (Aghsaei et al. 2020). Climate change influences
precipitation patterns, which in turn affect the water cycle
(Kalantari et al. 2014). Increased temperatures, more signifi-
cant snowmelt, and higher precipitation have increased water-
shed sediment yield (Stryker et al. 2018). Temperature-based
hotspots are crucial for assessing climate change impacts and
regional adaptation strategies (Sarkar and Maity 2024). With
alluvial rivers, the sub-Himalayan region presents challenges
like landslides and floods from heavy rainfall (Dhakal 2015).
Sediments in rivers complicate infrastructure design and
maintenance (Kothyari 2009). Understanding the origins of
sediment is vital for accurately assessing soil erosion rates
(Kothyari et al. 2002). Analysing sediment yield is imperative,
as its deposition directly affects reservoir capacity, increases
floodplain size, and influences water resources (Dutta 2016).
Gholami et al. (2020) demonstrated the effective use of self-
organising maps (SOM) with GIS for soil erosion mapping.
Climate change influences the movement of sediments and
the water resources availability (DeFries and Eshleman 2004).
Techniques for modelling sediment transport, including sed-
iment transport equations, artificial neural networks, and
statistical methods, are employed to predict sediment move-
ment in watersheds (Asheghi and Hosseini 2020; Avand
et al. 2023). Machine learning techniques are being applied
to predict soil erosion by assessing various factors, includ-
ing rainfall, types of land cover, and human influences (Hou
et al. 2024). Zeghmar et al. (2024) employed machine learning
to improve RUSLE-based soil erosion modelling in Algeria.
Rainfall erosivity (R) is essential for estimating soil erosion
(Williams 1975). Research efforts, like the global erosiv-
ity map (Panagos et al. 2017), high-resolution R factor maps
(Raj et al. 2022), and soil erodibility maps (Raj et al. 2023),

contribute to understanding erosion trends. Raj et al. (2024)
conducted the first extensive mapping of soil erosion across
India, demonstrating an average potential soil loss of 21 tons
per hectare each year (Raj et al. 2024). Projections of future
erosivity trends aid in managing soil erosion and water re-
sources, showcasing the relevance of climate-induced envi-
ronmental transformations (Panagos et al. 2022). By 2100,
global soil erosion and sediment transport could increase by
over 10% due to changing land use practices. This highlights
the necessity of implementing sustainable land management
practices to address this problem (Borrelli et al. 2017). The
Jhelum catchment in India is highly susceptible to erosion
due to its distinct topography; however, limited studies have
been conducted in this crucial area. Existing research has pre-
dominantly focused on sediment lithology, which emphasises
the critical need for a comprehensive study on soil erosion in
this data-scarce region. Addressing this gap is essential for ad-
vancing our understanding and effective management of soil
erosion issues. The Jhelum Basin in Kashmir has been chosen
for investigation due to its significant agricultural productiv-
ity, diverse topography, and soil erosion and flooding vulner-
ability. Limited studies have examined the combined impact
of land use and climate change on hydrology and sediment
yield in this region. Given its substantial glacial resources and
vulnerability to climate change, the Jhelum Basin provides a
crucial setting to analyse future soil erosion trends and sed-
iment management challenges under changing climatic con-
ditions. These factors provide an opportunity to understand
erosion dynamics under varying climatic conditions better.
LULC changes in the Upper Jhelum Basin have significantly
altered flow regimes and runoff coefficients, increased low-
flow durations, and affected water availability (Islam and
Chakma 2024a). CMIP6 climate data and the RUSLE model
are utilised to analyse the effects of climate change on soil
erosion. To advance the understanding of hydrological pro-
cesses under changing climate and land use conditions, this
study investigates the evolving soil erosion dynamics in the
Jhelum Catchment, a climate-sensitive region of the western
Himalayas. This study addresses three research questions: (1)
How will projected climate changes (SSP245 and SSP585) from
2020 to 2090 affect soil erosion in the Jhelum Catchment? (2)
What are the spatial and temporal patterns of soil erosion
severity across different land use/land cover types and soil
categories? (3) How do rainfall erosivity trends, derived from
CMIP6 and IMD datasets, influence sediment transport and
soil degradation under future scenarios? To answer these, the
study aims to: (i) estimate baseline specific sediment yield
using RUSLE and InVEST SDR models, (ii) evaluate the im-
pacts of projected climate scenarios on soil erosion rates, and
(iii) identify high-risk erosion zones and vulnerable LULC
and soil types for climate-resilient land management. This ap-
proach enhances understanding of climate-driven hydrolog-
ical changes, offering practical insights for sustainable land
and watershed management. The novelty of this study lies in
integrating RUSLE with advanced climate modelling and GIS-
based spatial analysis to assess long-term soil erosion trends
under SSP scenarios. Unlike previous studies, it evaluates
the combined impact of climate change on erosion, offering
crucial insights for sustainable land management. This study
could offer valuable insights that can be effectively applied to
other areas confronting similar soil erosion challenges.
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2 | Materials and Methods
2.1 | Study Area Description and Characteristics

The Jhelum River originates from the Verinag in the Kashmir
Valley, India, and is an important Indus River tributary. Its
watershed encompasses 24 catchment areas. The left-bank
catchments are sourced from the Pir Panjal range, while
the right-bank areas are derived from the Great Himalayan
Mountains (Romshoo et al. 2018). The Jhelum Basin, renowned
for its diverse topography, is a crucial river basin that supports
irrigation, hydropower, and various human activities, with its
water primarily sourced from the Pir Panjal range (Khanday
et al. 2021). The watershed features a varied landscape, includ-
ing medium to high hills, mountain ranges, and alluvial chan-
nels (Bhat, Alam, Ahmad, Kotlia, et al. 2019). The region mainly
consists of silt loam and clay loam soils. Winter is the season
with the most rainfall, influenced by western disturbances.
During spring, the northern slopes of the Pir Panjal range expe-
rience the highest levels of rainfall, significantly impacting soil
erosion (Bhutiyani et al. 2007; Romshoo et al. 2018).

The Jhelum River runs through the Kashmir Valley's alluvial
plain, fed by streams from the surrounding mountains. The area’s
geographical and climatic features make it prone to natural haz-
ards, particularly flooding and soil erosion in the Jhelum River's
upper reaches, leading to sediment accumulation in the Wular
Lake (Ganaie et al. 2018). The watershed experiences weathering
as a result of its harsh climatic conditions, deforestation, regional
development, seismic activity, and heavy rainfall, all of which con-
tribute to increased sedimentation (Romshoo et al. 2018). Recent
demographic studies indicate a population increase and a shift
from agriculture to horticulture, driven by evolving economic op-
portunities (Romshoo and Rashid 2014). The complex landscape
of the area and limited data hinder the assessment of extreme
floods and their interactions with the land surface (Romshoo
et al. 2012). The climate-induced changes in the upper Jhelum
River led to increased floods and soil erosion, impacting Wular
Lake's size and depth (Bhat, Alam, Ahmad, et al. 2019; Ganaie
et al. 2018). The Jhelum River is a significant sediment source

for Wular Lake, emphasising the importance of understanding its
hydrological dynamics and sediment transport processes (Meraj
et al. 2018). Sediment mobilisation is influenced by factors like
deforestation, regional development, and floods (Bhatt et al. 2017;
Romshoo and Rashid 2014). Population growth, agricultural
shifts to horticulture, challenging terrain, and data limitations
compound challenges in the Jhelum Basin, while climate variabil-
ity intensifies flood frequency (Romshoo et al. 2012, 2018). Flood
events in the Jhelum River have increased due to climate change
(Bhat, Alam, Ahmad, et al. 2019). Additionally, steep slopes in
the upper reaches cause significant soil erosion, leading to Wular
Lake's shrinking size, reduced depth, and increased aquatic plant
growth (Ganaie et al. 2018). Population-driven land-use changes
have impacted the upper Jhelum Basin's hydrological flow pat-
terns and runoff coefficients. This has increased low flood fre-
quency and altered flow duration curves, demonstrating the need
to integrate land-use considerations into water management and
infrastructure design (Islam and Chakma 2024a). Recent stud-
ies indicate a significant rise in rainfall erosivity in the Jhelum
Catchment due to climate change, with projections showing an
increase in R values from 2020 to 2090, highlighting the urgent
need for mitigation measures (Islam and Chakma 2024b). Given
the risk of flooding, taking proactive measures and developing
infrastructure carefully is essential (Bhat, Alam, Ahmad, Farooq,
and Ahmad 2019). Figure 1A shows the geographical location of
the study area. The soil map in Figure 1B, created using the FAO-
UNESCO Soil Map, identifies four soil classes: Cambisols with
horizon differentiation, Lithosols characterised by noticeable
unweathered rock fragments, Inland Water areas, and Glaciers.
Each of these classes influences the local landscape and land use
differently. The valley region is mainly covered with Cambisols,
while the mountainous region is covered with Lithosols, as de-
picted from the soil class map.

2.2 | Data Sources
Soil erosion and sediment yield in the Jhelum Catchment area

are assessed using the RUSLE model which takes into consid-
eration precipitation, soil characteristics, landscape features,

74.000 74.500 75.000 75.500 74°q'0"E 75'9'0"E
34,500 34.500
34.000 34000 34°0'0"NA 134°00"N
[ snetum Basin
Inland Water
Glaciers
[ Jehium catchment Cambisols
Jehlum Catchment
Lithosols
33.500 Band 1 (Gray) 33.500
P 5,280 20 10 0 20 Kilometers
. 1153
74.000 74.500 75.000 75.500 74°0'0"E 75°00'E
A B
FIGURE1 | (A)Location of the Jhelum Catchment and (B) Study area map showing Soil Classes.
30f17

8SUS017 SUOLULIOD BAERID 2 |edtidde 3y Aq peue0b 818 S9P 1B VO (88N JO S3INJ 10} AIQIT BUIUO 4811 UO (SUORIPUOD-PUB-SWBIALIOD A3 1M ARRIq1fBU1IUO//SANY) SUORIPUOD PUe S L 84} 89S *[S202/60/T2] o Arigiauluo &M ‘(1v3- NON) ADOTONHOIL 40 ILNLILSNI NVIANI Ad 29202 dAu/Z00T 0T /0o B 1mAReiqjeu!|uo//Sdny Wwoij popeojumoa ‘6 ‘G202 ‘S80TE60T



and farming practices. This analysis is done using data sources
of the Indian Meteorological Department (IMD), soil grid data,
Land Use/Land Cover (LULC) data, and the Digital Elevation
Model (DEM). In addition, the Sediment Delivery Ratio (SDR)
was computed using the InVEST SDR model. Comprehensive
details regarding the datasets employed in this study are given
in Table 1.

2.3 | RUSLE Model Setup

This study examined soil erosion in the Jhelum Catchment
using the Revised Universal Soil Loss Equation (RUSLE)

model. The approach included comprehensive mapping of soil
erosion across the Jhelum Basin, with calculations of the SDR
and SSY carried out at the pixel level. The methodology, pre-
sented in Figure 2, highlights the application of Geographic
Information System (GIS) tools for processing and visualising
the data. The RUSLE model consists of five factors: rainfall
erosivity (R), soil erodibility (K), slope length and steepness
(LS), land cover (C), and support practices (P). These factors
are combined to evaluate the potential annual soil loss (PSL),
which is calculated using the formula: PSL=RXKXLS X CXP.
This integrated method thoroughly assessed soil erosion by
considering factors such as upslope areas, downslope flow
paths, and the connectivity between erosion sources and

TABLE1 | Details about the sources and spatial resolutions of the datasets used.

S.No Data type Specification Range Source
1 Soil Grids of ISRIC 250m — https://soilgrids.org/
(International Soil Reference

and Information Centre)

2 General Circulation Daily and monthly 2020-2090 World Climate Research
Models (GCM) (Coupled precipitation Programme (WCRP) https://esgf-
Model Intercomparison node.llnl.gov/search/cmip6/

Project) (CMIP6)
3 Rainfall 0.25°x0.25° 1960-2020, IMD (Daily), Daily Gridded Rainfall
1990-2022 Data and Indian Monsoon Data
Assimilation and Analysis IMDAA)
4 LULC 10m 2017-2020 Sentinel-2 (ESRI)
5 Digital Elevation Model 10m 2023 United States Geological

Survey (USGS) Data

Total kinetic energy

IMD (Daily) and per event (EK) and ®)
IMDAA (Hourly) Rainfall erosivity ~ |m Ipy
factor per event (R,) = Z Z Ry

L Nzl k=1
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Predicted Rainfall

Compare R factor with MFI
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Climate Change conditions
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Modified Fourier Index
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Soil Grid
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Critical Level of Organic (

Matter (CLOM) Digital Elevation Model
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\
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\

FIGURE2 | Flowchart illustrating the methodology used in this study.
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deposition areas. IMD and CMIP6 climate data were analysed
to assess and project rainfall from 2020 to 2090, examining
the impact of climate change on soil erosion in the Jhelum
catchment area. IMD and CMIP6 climate data were analysed
to assess R and project R from 2020 to 2090, evaluating the im-
pact of climate change on soil erosion patterns in the Jhelum
catchment area.

2.3.1 | Rainfall Erosivity (R) Factor

This study employed two methods to calculate the R factors for
the catchment area. The first method utilised high-resolution
gridded precipitation data to determine the R factor, which is
calculated as the product of a storm's total kinetic energy and
the hourly rainfall intensity (Raj et al. 2022). For future projec-
tions of the R factor, an empirical equation was developed to es-
timate rainfall erosivity based on the Modified Fournier Index
(MFI). This process included calculating both the Fournier
Index (FI) and the MFI using daily precipitation datasets. The
yearly averages of these indices were analysed to establish cor-
relations with R factor values. This study addresses the limita-
tions of General Circulation Models (GCMs) in assessing climate
impacts on water resources at a regional scale by employing
higher-resolution data and bias correction techniques. The delta
change approach was used to incorporate GCM projections
into catchment-scale analysis and hydrological modelling. This
method applies correction factors derived from the correlation
between GCMs and IMD data. The process involves computing
bias factors in Python, adjusting historical data using change
factors, and generating a transformed time series to represent
future climate conditions (Islam and Chakma 2024b). Shared
Socioeconomic Pathways (SSPs) represent different future socio-
economic and emission trajectories used in climate modelling.
Two Shared Socioeconomic Pathways (SSP) scenarios, SSP245
and SSP585, representing moderate and high greenhouse gas
emissions trajectories, are selected from the CMIP6 climate
models. SSP245 represents a moderate emission scenario with
greenhouse gas emissions peaking around 2040 and then de-
clining, while SSP585 depicts a high-emission trajectory with
continuous increases throughout the century. This study con-
siders both scenarios to assess potential climate impacts on soil
erosion, aiding decision-making and adaptation strategies for
the Jhelum Catchment.

The MFI evaluates rainfall erosivity by analysing monthly
precipitation in relation to the total annual precipitation. It is
computed by adding the monthly precipitation values and di-
viding by the total annual precipitation. This method aligns
with the approaches used in studies by Tiwari et al. (2016), Raj
et al. (2022), and Islam and Chakma (2024b). The Equation (1)
for the Modified Fournier Index is as follows:

12
_1 2
MFI = - i; P )

P, refers to the amount of precipitation in millimetres for a
specific month (i), while P signifies the annual total precipi-
tation in millimetres. The equation R = «MFI” defines the con-
nection between R and the MFI. In this equation, « and (3 are
coefficients, and r? represents the coefficient of determination,

which measures how well the model fits the data. To calcu-
late R, IMDAA data was used with MATLAB to determine
the kinetic energy (ek) in MJ/ha/mm related to rainfall inten-
sity (p) in mm/h, as shown in Equation (2) (Wischmeier and
Smith 1958).

e, = 0.119 + 0.0873 log(p), p < 76¢, = 0.283,p > 76 @)

The rainfall erosivity factor (R,) is calculated by multiplying
the rainfall intensity (I, ) by the total kinetic energy (E,) from
each erosive event, expressed in megajoules per hectare (MJ/
ha). The R-factor is represented in megajoules millimetres per
hectare per hour (MJ-mm/ha/h). The annual rainfall erosiv-
ity (R), measured in MJ-mm/ha/h/year, is determined using
Equation (3).

n

2 2R ©)

j=1k

3

R =

S =

In Equation (3), m refers to the number of erosive events in year
Jj,» while n indicates the total number of years in the dataset,
32years in this study.

For Future prediction of rainfall erosivity, by calculating MFI
and from the derived equation of R with MFI, rainfall erosivity
of 2020 to 2090 every decade.

2.3.2 | Soil Erodibility (K) Factor

In the study, soil erodibility factors, known as K-factors, were
determined using two methods: the Nomograph approach
(KNOMO) and the EPIC model approach (KEPIC), as detailed
by Ebabu et al. (2022). The Nomograph method considered
various factors, including the proportions of sand, silt, and
clay, as well as soil organic matter, permeability, and a soil
structure classification. On the other hand, the EPIC model
focused on the percentages of soil particle sizes along with soil
organic carbon and other contributing aspects. Additionally,
measures of erodibility such as the Clay Ratio (CR), Modified
Clay Ratio (MCR), and Critical Level of Organic Matter
(CLOM) were computed to determine the soil's vulnerability
to erosion, using specific formulas and established threshold
levels.

2.3.3 | Cand P Factor

The Cover Management Factor (C-factor) and the Support
Practice Factor (P-factor) are essential for assessing soil ero-
sion susceptibility. The C-factor assesses how different crop-
ping and management strategies influence erosion caused by
water, relying on Land Use or Land Cover (LULC) data for
evaluation (Renard et al. 1997). This study employed high-
resolution Sentinel-2 LULC data, as illustrated in Figure 3,
to assign C-factor values based on established recommenda-
tions in the literature (Chuenchum et al. 2020; Ganasri and
Ramesh 2016; Pal and Chakrabortty 2019; Kaffas et al. 2021).
C-factor values can vary from 0 to 0.45, based on the specific
classifications of land use and land cover (LULC) (Kaffas
et al. 2021). Conversely, the P-factor assesses how effective
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FIGURE3 | Land Use Land Cover (LULC) map of the Jhelum Catchment for the year 2022.

agricultural support practices are in reducing soil loss, partic-
ularly concerning erosion from both upslope and downslope
cultivation (Tsegaye and Bharti 2021). The P-factor plays a
vital role in managing local soil erosion by influencing runoff
and flow patterns (Tsegaye and Bharti 2021). In cases where
specific management data are lacking, the P-factor is esti-
mated using LULC data (Chuenchum et al. 2020; Ganasri and
Ramesh 2016; Pal and Chakrabortty 2019). These factors offer
a comprehensive view of soil erosion dynamics and help guide
effective erosion control strategies. Figure 3 shows the LULC
maps (2022) for the study area, while Table 2 lists the C-factor
and P-factor values for various LULC categories. The classi-
fication accuracy for the Jhelum Catchment, assessed using
Bhuvan LULC and Sentinel-2 data, reached 91.82% with an
average Kappa Coefficient of 0.86, indicating significant accu-
racy within the 85% to 95% range (Anderson 1976).

2.3.4 | LS Factor

In this study, the LS-factor, which evaluates the impact of ter-
rain on soil erosion, was calculated using the LS-factor module
of the QGIS Terrain Analysis—Hydrology tool. This module
employs an algorithm inspired by the methods established by
Desmet and Govers (1996), recognised for its effectiveness in
modelling soil loss at the catchment scale. Panagos, Borrelli, and
Meusburger (2015) and Panagos, Borrelli, Poesen, et al. (2015)

TABLE 2 | C-factor and P-factor values for each LULC class.
LULC

S. No. LULC type code C-factor P factor
1 Water 1 0 0
2 Trees 2 0.03 1

3 Flooded 4 1 1

Vegetation

4 Crops 5 0.34 0.49
5 Built Area 7 0 0
6 Bare Ground 8 0.16 0.41
7 Snow/Ice 9 0 0
8 Rangeland 11 0.45 1

utilised this algorithm to map the LS factor across European
countries and other regions, highlighting its broader applicabil-
ity beyond the original study.

2.3.5 | Sediment Delivery Ratio (SDR)

The Sediment Delivery Ratio (SDR) quantifies a watershed's effi-
ciency in transporting soil particles from erosion-prone regions to
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FIGURE4 | Map of R(MJ-mm/ha/h/year) for the Jhelum Catchment (2020).

designated sites. This ratio is determined at the pixel level through
the SDR module within the Integrated Valuation of Environmental
Services and Trade-offs (InVEST) model. This model uses the
Connection Index (CI) to estimate SDR values for each pixel, con-
sidering factors such as upslope area, downslope flow path, and
terrain characteristics. This analysis provides insights into sedi-
ment connectivity, with higher values indicating a more signifi-
cant potential for sediment transport. The SDR module aids in
understanding sediment dynamics and contributes valuable infor-
mation for soil conservation strategies within the watershed, offer-
ing a comprehensive view of sediment yield across the landscape
(Kumar et al. 2022; Qin et al. 2018).

2.3.6 | Specific Sediment Yield (SSY)

RUSLE gives us the estimated soil erosion, represented by the
Potential Soil Loss (PSL) values at each pixel. This soil loss then
undergoes partial transport to downstream pixels. The net soil
loss at each pixel or region is referred to as Specific Sediment
Yield (SSY). The calculation of SSY involves multiplying PSL by
the SDR, as expressed in Equation (4):

SSY = PSL x SDR @

SSY represents sediment yield or soil loss, measured in tons per
hectare annually (t/ha/year).

2.3.7 | Trends in Soil Erosion From 2020 to 2090

This analysis examines trends in soil erosion from 2020 to 2090
across various land use categories, considering both SSP 245 and
SSP 585 scenarios. The land use categories include Agriculture,
Barren/Unculturable Wasteland, Built-up Areas, Forests,
Grass/Grazing Land, Snow and Glaciers, and Wetlands/Water
Bodies. The research reveals differences in soil erosion severity
across various landscapes and climate scenarios, demonstrating
how land use and changes in climate affect erosion dynamics
over time.

Additionally, trends were analysed for various soil types, such
as Cambisols, Lithosols, Glacial soils, and Inland Water, to un-
derstand how soil characteristics influence erosion patterns.
This analysis provides key insights into future soil erosion
patterns to support effective land management and conserva-
tion strategies.

3 | Results and Discussion
3.1 | RFactor
The R map for the Jhelum Catchment in 2020 is shown in

Figure 4. The R-value was analysed with the MFI, and a scatter
plot of R against MFI was created to determine the best-fit curve.
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The calculated constants a and 8 were 0.211822 and 1.7979, re-
spectively, with a coefficient of determination (r?) of 0.9425. The
Equation (5) that describes the relationship between rainfall
erosivity (R) and MFI for the Jhelum Catchment is as follows:

R =0.211822MFI"77 ®)

The MFI was computed for every decade from 2020 to 2090
using Python libraries and QGIS, based on the MPI-ESM1-2-LR
model for both SSP245 and SSP585 scenarios. Furthermore,
rainfall erosivity for each decade was estimated using an equa-
tion in the QGIS raster calculator.

The rainfall erosivity of MPI-ESM1-2-LR for every 10years
under both scenarios is depicted in Figure 5. MPI-ESM1-2-LR
was selected because it correlated with IMD data in the Jhelum
Catchment. The rationale behind choosing the MPI-ESM1-
2-LR (SSP245 and SSP585 scenarios) is based on its moder-
ate positive correlation coefficients with IMD precipitation
data, which are 0.474379942 for SSP245 and 0.391730237 for
SSP585. These coefficients indicate a reasonably good fit for
capturing regional precipitation patterns, aiding in the analy-
sis of soil erosion dynamics. The implications of these scenar-
ios for soil erosion are significant as they provide projections
of future climate conditions, which are crucial for predicting
potential changes in soil erosion rates and patterns. The delta
change technique was employed to address bias by incorporat-
ing variations between historical and projected climate data
into the baseline conditions. This was done to ensure that the
General Circulation Models (GCMs) projections were accu-
rately integrated into the catchment-scale analysis and hydro-
logical modelling. Specifically, the correction factors applied
for MPI-ESM1-2-LR were 53.396 for SSP245 and 56.362 for
SSP585. This method allowed for an effective integration of
GCM outputs, providing reliable data for evaluating future soil
erosion trends. The climate data was bias corrected as shown
in Figure S1.
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FIGURE 5 | The rainfall erosivity of MPI-ESM1-2-LR for every de-
cade under both SSP scenarios.

3.2 | KFactor

To prepare the K factor map for the JThelum Catchment, data for
CR, MCR, and CLOM was prepared as shown in Figures S2,
S3, and S4 (Supporting Information). The K-factor Map of the
Jhelum Catchment is shown in Figure 6.

Evaluating the organic matter content in soil is essential for pre-
venting erosion. Low levels of CLOM increase soil vulnerability
to erosion. The CLOM ratio was analysed using soil particle data
from India, as illustrated in Figure 8A. This index represents
the level of organic matter, where higher CLOM values indi-
cate a reduced risk of erosion. The CLOM map is classified to
show how susceptible the soil is to erosion, following a method
by (Pieri 2012). The CLOM index ranks soil susceptibility to
erosion, indicating that CLOM values below 5% signify high
susceptibility, values between 5% and 7% suggest moderate sus-
ceptibility, values from 7% to 9% denote low susceptibility and
values exceeding 9% indicate stable conditions.

3.3 | C,Pand LS Factors

The C-factor, P-factor, and LS-factor are shown in Figure 7A-C, re-
spectively. These factors play a vital role in understanding soil ero-
sion dynamics. The C-factor, which reflects Cover Management,
has an average value 0of 0.173714 and can range from 0 to 0.45, rep-
resenting various land cover conditions. This factor is important to
understand the impact of land cover on soil erosion. The P-factor,
representing Support Practices, has an average value of 0.623274,
ranging from 0 to 1, indicating the efficiency of various practices
in managing soil erosion and providing insights into soil conser-
vation support practices. Lastly, the LS factor demonstrates a com-
pelling average value of 11.4394, highlighting its significance and
is a critical component representing Slope Length and Steepness,
making a significant contribution to soil erosion assessments. The
wide range of variability in the LS factor spans from 0.03009 to
1753.63062. This factor, representing Slope Length and Steepness,
showcases diverse terrain characteristics across the studied area.

3.4 | Soil Erosion

The potential soil loss in the JThelum catchment was analysed
using RUSLE, as illustrated in Figure 7D. The variation in soil
erosion rates highlights the necessity for targeted conservation
efforts in key priority areas. A new classification system is in-
troduced to assess the impact of soil erosion on agriculture and
infrastructure. The classification, based on recommendations
from previous studies, categorises erosion severity into six
classes (E1 to E6) as applied by Aswathi et al. (2022); Guduru
and Jilo (2023) with corresponding impacts on farming and
infrastructure, providing a comprehensive evaluation tool
for understanding the consequences of varying soil erosion
levels. The annual soil loss severity classification (E1 to E6)
indicates varying impacts. E1 (0-5t/ha/year) signifies min-
imal erosion with limiting effects, while E2 (5-15t/ha/year)
poses a moderate risk to soil and agriculture. E3 (15-30t/ha/
year) represents significant erosion, causing immediate harm.
E4 (30-50t/ha/year) indicates severe erosion with significant
agricultural reductions. E5 (50-100t/ha/year) denotes severe
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FIGURE 6 | TheK factor Map (t-ha-h/ha/MJ/mm) of the Jhelum Catchment.

erosion, constraining land use. E6 (>100t/ha/year) signifies
catastrophic erosion and extensive destruction. This clas-
sification aids in understanding the diverse impacts of soil
erosion. From the RUSLE Equation, the Jhelum Catchment
soil erosion map was prepared and classified into six severity
classes, as shown in Figure 8B.

3.5 | Soil Erosion Projections

The percentage importance of each RUSLE factor was deter-
mined, and it was observed that for Jhelum Catchment, the most
critical factor to predict soil erosion is R (Rainfall Erosivity), as
shown in Figure S5. Further, Figures S6 and S7 show a rainfall
erosivity map of each decade under SSP 245 and SSP 585. A soil
erosion map for each decade under both scenarios was prepared.
Figure S8 shows the soil erosion severity map for both scenar-
ios for 2050 and 2090. Figures S9, S10, S11, S12, S13, S14, and
S15 show the soil erosion severity map for 2020, highlighting
severe erosion classes for 2020, 2030 (SSP245), 2030 (SSP585),
2050 (SSP245), 2050 (SSP585) 2090 (SSP245) and 2090 (SSP585)
respectively. Projection of soil erosion class width was done
based on LULC type and soil type from 2020 to 2090, and the
results are shown in Figure 9. Figure 9A-H show trends in soil
erosion from 2020 to 2090 for Agriculture, Barren/Unculturable
Wasteland, Built-up Areas, Forest, Grass/Grazing Land, Snow
and Glacier, and Wetland/Waterbodies respectively for both
SSP 245 and SSP 585. Figure 9H-K show trends in soil erosion

from 2020 to 2090 for Cambisols, Lithosols, Glaciers, and Inland
Water, respectively, for both SSP 245 and SSP 585. Figure 9L
predicted soil erosion of Jhelum Catchment up to 2090 under
SSP245 and SSP 585 scenarios.

The study's quantitative analysis of soil erosion projections for
the Jhelum Catchment (2020-2090) under SSP245 and SSP585
scenarios revealed a consistent upward trend in both maximum
and mean soil erosion potential. SSP585 consistently demon-
strated higher values than SSP245, emphasising the heightened
impact under a high-emission trajectory. The increasing vari-
ability in soil erosion estimates, as indicated by rising standard
deviation values, underscores the complexity and uncertainty
associated with future projections. This emphasises the critical
importance of implementing adaptive and proactive soil conser-
vation measures to address the challenges of changing climate
scenarios.

In this study, the sediment transport dynamics within the
Jhelum Catchment were investigated by employing the InNVEST
SDR module. This module facilitated the generation of a com-
prehensive map illustrating the SDR across the catchment area.
The SDR represents the proportion of soil particles eroded at a
specific location that ultimately gets transported downstream.
The resulting Sediment Delivery Map, depicted in Figure 8C,
provides insights into the spatial distribution of sediment trans-
port ratios, highlighting areas with varying degrees of erosion
and deposition. Additionally, Figure 8D illustrates the Specific
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Sediment Yield (SSY), which quantifies the net soil loss or sedi-
ment yield at each pixel or region within the Jhelum Catchment.
Together, these maps contribute to the understanding of sedi-
ment dynamics, which are crucial for watershed management
and soil conservation.

3.6 | Discussion

The applicability of RUSLE in the Jhelum Catchment was en-
hanced through rigorous region-specific calibration using local
soil, topography, climate, and land-use data. The model's accu-
racy and reliability were ensured by integrating high-resolution
climate projections from CMIP6 and utilising advanced GIS-
based analysis. This tailored approach highlights the robustness
of RUSLE in predicting soil erosion under the unique conditions
of the Jhelum Catchment.

This study measured the average rainfall erosivity at
777.79MJ-mm/ha/h/year. This value was compared to
the Indian rainfall erosivity data, which is reported to be
549.98 MJ-mm/ha/h/year. (Raj et al. 2022), and the global
rainfall erosivity data, which stands at 1343.34 MJ-mm/ha/h/
year. (Panagos et al. 2017). Additionally, the results were com-
pared with the European Soil Data Centre's (ESDC) global

projections for soil erosion by water in 2070 and the global
rainfall erosivity forecasts for 2050 and 2070. The results in
this study were 23% higher than the data provided by ESDC
on request by the authors. This deviation in results is due
to the resolution of global datasets. Furthermore, the value
of «=0.211822 is notably lower compared to a«=0.38765 re-
ported by Islam and Chakma (2024b). This difference is at-
tributable to data from only one general circulation model
(GCM) used in this study. The mean values of the RUSLE pa-
rameters for the Jhelum Catchment provide critical insights
into the soil erosion dynamics of the region. The high aver-
age LS factor (11.4394) indicates significant topographical
variation, contributing to potential soil loss when combined
with the rainfall erosivity (R factor=777.7909 MJ-mm/ha/h/
year) and soil erodibility (K=0.0228227t-ha-h/ha/MJ/mm).
The values of average cover management (C factor =0.173714)
and support practice factor (p =0.623274) suggest the current
land cover and management practices are moderately effec-
tive in controlling erosion. However, the average sediment de-
livery ratio (SDR=0.1565) and sediment yield (SSY =6.6456
tons/ha/year) highlight sediment transport efficiency and
the catchment's overall sediment yield. These findings indi-
cate that the Jhelum catchment is increasingly vulnerable to
intense rainfall-induced erosion events, situating it between
national and global averages, and reflective of mountainous,
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agriculturally transforming regions globally. Notably, Borrelli
et al. (2020) projected a 60% global increase in soil erosion by
2070 under SSP5-RCP8.5 scenarios, which aligns with the up-
ward trends identified in this study. These findings highlight
the need for improved soil conservation strategies to manage
and reduce soil erosion in the JThelum Catchment effectively.

The study of soil erosion in the Jhelum Catchment from 2020
to 2090 shows a significant increase in soil loss under scenarios
SSP245 and SSP585. The mean soil loss values exhibit a steady
rise, with SSP585 projecting more severe erosion, peaking at
71.67 tons per hectare per year (t/ha/year) by 2090, compared
to 51.54t/ha/year under SSP245. Notably, 2050 marks a critical
point under SSP245, with maximum and mean soil loss values
reaching 10595.41 and 64.51t/ha/year, respectively. The sub-
stantial variability in soil erosion rates, indicated by high stan-
dard deviation values, underscores the necessity for adaptive
management strategies. Total annual soil loss projections are
alarmingly high, with 126.30 million tons under SSP585 and

90.82 million tons under SSP245 by 2090, highlighting the esca-
lating threat to agricultural productivity and land sustainability.
Furthermore, the decreasing proportion of areas with less se-
vere soil erosion over time suggests that regions previously less
affected are becoming more prone to severe erosion, necessitat-
ing comprehensive soil management practices across the entire
catchment. These findings underscore the urgent need for tar-
geted soil conservation and climate-resilient land management
to address soil erosion in the JThelum Catchment.

Table 3 summarises the average values for the parameters of the
RUSLE, as well as the SDR and SSY associated with the Jhelum
Catchment. These average values provide crucial baseline in-
formation for future studies in a data-scarce region. They also
guide sustainable land management practices and inform cli-
mate change impact assessments in the region.

Soil erosion rates escalated across all land use categories from
2020 to 2090, driven by intensified agricultural activities and
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FIGURE 9 | Trends in soil erosion from 2020 to 2090 for Agriculture (A), Barren/Unculturable Wasteland (B), Built-up Areas (C), Forest (D),
Grass/Grazing Land (E), Snow and Glacier (F), Wetland/Waterbodies (G). Cambisols (H), Lithosols (I), Glaciers (J), and Inland Water (K) respectively
for both SSP 245 and SSP 585. (L) shows Predicted soil erosion of JThelum Catchment up to 2090 under SSP245 and SSP 585 scenarios.

TABLE 3 | Average values of RUSLE parameters, SDR, and SSY for
Jhelum Catchment.

S. No Name Average
1 R (MJ-mm/ha/h/year) 777.7909
2 K (t-ha-h/ha/MJ/mm) 0.0228227
3 c 0.173714
4 p 0.623274
5 LS 11.4394
6 PSL tons/ha/year 41.5976
7 SDR 0.156549
8 SSY (tons/ha/year) 6.6456

urban expansion. For instance, agricultural land saw a rise
in erosion rates from 26.787 to 46.223 tons/ha/year under
SSP245 and from 21.544 to 71.6736 tons/ha/year under SSP585.
Cambisols consistently demonstrated higher soil loss than
Lithosols and other soil types across scenarios, emphasising
the critical influence of inherent soil characteristics on erosion
susceptibility.

The results of this study reveal that both land use changes and
climate variability will significantly amplify soil erosion across
the Jhelum catchment, aligning with global findings that link
anthropogenic pressures and climate change to increasing
erosion risks (Borrelli et al. 2017; Chuenchum et al. 2020;
Doulabian et al. 2021). The use of RUSLE integrated with

high-resolution LULC and climate projections (SSPs) demon-
strates methodological consistency with studies conducted in
diverse global regions, such as the Heihe River Basin in China
(Zhang et al. 2016) and the Nethravathi Basin in India (Ganasri
and Ramesh 2016). The sharp increase in soil erosion under
SSP5-8.5 is particularly concerning, as it reflects a broader
global pattern of land degradation under high-emission sce-
narios (Pal and Chakrabortty 2019). These findings under-
score the critical need for climate-resilient land use strategies
and conservation practices. Additionally, the framework em-
ployed—combining RUSLE with GIS and remote sensing—has
been widely used internationally (Maurya et al. 2021; Panagos,
Borrelli, and Meusburger 2015; Panagos, Borrelli, Poesen,
et al. 2015) reinforcing the global applicability of the approach.
Wider implications include threats to agricultural productiv-
ity, water resources, and infrastructure, making this research
relevant beyond the regional context. Although the projected
rise in soil erosion in the Jhelum catchment may not be dra-
matic, it carries considerable uncertainty due to the reliance
on long-term climate models and variable emission scenarios
(Patro et al. 2022). Increased sediment flow into water bod-
ies can lead to eutrophication (Ekholm and Lehtoranta 2012),
obstruct river channels, elevate maintenance costs for in-
frastructure (Panagos et al. 2024), and increase flood risks
(Olorunfemi et al. 2020). Similar soil erosion concerns have
been observed across diverse global contexts, reinforcing the
broader applicability of this study's findings. Hydrological
connectivity offers insight into how spatial linkages influence
runoff and sediment transport (Bracken and Croke 2007). For
instance, in the Ethiopian Highlands, Hurni et al. (2005) doc-
umented accelerated erosion linked to agricultural expansion
and rainfall variability, while Le Roux (2011) highlighted the
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role of land cover degradation in increasing sediment yields
in South Africa. In the Andes of Colombia, Hoyos (2005) used
spatial modelling to reveal how topography and land use pat-
terns interact to influence erosion intensity. Similar method-
ologies have been applied in sub-Saharan Africa (Karamage
et al. 2017), emphasising the global utility of integrating RUSLE
with GIS and remote sensing in erosion modelling. In large
transboundary basins like the Nile (Haregeweyn et al. 2017)
and the Mekong (Shrestha et al. 2013), land use-driven ero-
sion and sediment transport have raised transnational water
governance challenges. Panagos et al. (2022) emphasised the
need for pan-European harmonisation of soil conservation
under climate pressures, further validating the present study's
approach. Likewise, studies in temperate regions such as
Scotland (Tetzlaff et al. 2009) and Bracken and Croke (2007)
have revealed how hillslope-channel connectivity intensifies
sediment yields—a mechanism directly comparable to those
observed in the Upper Jhelum region. Similar findings have
emerged from the Mediterranean (Munoz 2025), where rain-
fall erosivity trends were offset by localised management ef-
forts, and across the EU, where effective soil governance has
mitigated degradation risks (Efthimiou 2025). Shojaeezadeh
et al. (2024) highlighted increased soil erosion risks in the U.S.
due to climate change, underscoring the relevance of proactive
conservation measures. Furthermore, modelling studies in the
Abaya-Chamo Sub-Basin in Ethiopia (Alemu et al. 2025) and
susceptibility mapping in North Africa (Salhi et al. 2025) rein-
force the global relevance of integrating RUSLE with GIS and
remote sensing for erosion prediction and landscape manage-
ment. These parallels demonstrate that the modelling frame-
work employed here can inform soil and water conservation
planning worldwide, particularly in data-scarce mountainous
or tropical regions. Moreover, erosion-induced sedimentation
in critical water infrastructure has been reported in Turkey
(Altinbilek 2002), Switzerland (Delaney et al. 2024), Italy
(Patro et al. 2022), the USA (Graf et al. 2010), and Africa (Fenta
et al. 2020), underscoring the urgent need for globally coor-
dinated erosion control strategies. These findings underscore
the broader relevance of understanding rainfall-soil-land
cover interactions for erosion prediction and control, espe-
cially under intensifying climate extremes. The findings of this
study help identify erosion-prone zones, enabling evidence-
based planning and decision-making (Panagos, Borrelli,
and Meusburger 2015, Panagos, Borrelli, Poesen, et al. 2015;
Ganasri and Ramesh 2016). They hold particular relevance for
India's Dam Rehabilitation and Improvement Project (DRIP)
(Pillai and Giraud 2014), contribute to global soil conservation
strategies (Borrelli et al. 2017), and advance the United Nations
Sustainable Development Goals—especially SDG 2 (Zero
Hunger), SDG 6 (Clean Water and Sanitation), SDG 13 (Climate
Action), and SDG 15 (Life on Land) (United Nations 2015).
Efficient monitoring systems are crucial for supporting mitiga-
tion strategies such as the construction of check dams and the
efficient removal of sediment. Integrating remote sensing tech-
nologies—including optical imagery, synthetic aperture radar
(SAR), and satellite altimetry—can significantly enhance
the analysis of spatial and temporal sedimentation patterns.
Overall, this research provides scalable insights for climate-
resilient, sustainable land and water resource management at
both regional and global levels. The modelling approach used
here can be adopted in other data-scarce basins, contributing

to global efforts in sustainable watershed management and soil
conservation planning.

3.7 | Future Scope and Limitations

A limitation of this study is the use of a single General
Circulation Model (GCM), selected for its best correlation
with IMD data. While this GCM provides valuable insights,
it may not fully represent the range of regional climate vari-
ability. Additionally, the study relies on national and global
gridded datasets due to the absence of extensive local ground
measurements, which can introduce interpolation errors.
Future research could improve accuracy by integrating data
from multiple GCMs and incorporating more localised ob-
servations to capture soil erosion dynamics better. Future re-
search should investigate how land use, soil properties, and
vegetation affect soil erosion trends. The reliance on national
and global gridded datasets may introduce interpolation er-
rors, potentially affecting model accuracy. Additionally, soil
erosion trends are influenced by soil properties and vegeta-
tion cover, but limited high-resolution data constrains a more
precise assessment. This study serves as a foundation for an-
alysing the impact of climate change on RUSLE parameters
and suggests exploring land management practices, extreme
weather events, and erosion control strategies.

4 | Conclusions

In conclusion, this research indicates a significant increase in
soil erosion in the Jhelum Catchment from 2020 to 2090, with
the SSP585 scenario showing greater severity than the SSP245
scenario. This underscores the urgent need for proactive inter-
ventions and sustainable land management practices.

The assessment of erosion severity, ranging from Minor to
Catastrophic, highlights that areas classified as less severe in
2020 are expected to worsen significantly in the future. This
study serves as the first comprehensive investigation of the re-
gion, providing a foundation for future research.

1. SSP585 projections consistently show a more severe trend,
suggesting intensified soil erosion impacts on the catchment.

2. The classification into erosion severity classes (Minor to
Catastrophic) provides a qualitative assessment of poten-
tial impacts.

3. Zones categorised as less severe in 2020 demonstrate a sig-
nificant worsening trend in the future, reflecting the dy-
namic nature of soil erosion.

4. Mapping RUSLE factors, SDR, and SSY, along with soil
erosion projections up to 2090 for the SSP245 and SSP585
scenarios, provides a valuable methodology for similar
regions.

5. Average values of all RUSLE Factors are given for future
research in this data-scarce region.

6. The Jhelum Catchment's high R and LS factors and mod-
erate C and P result in substantial sediment yield (6.6456
tons/ha/year) and sediment delivery ratio (0.1565).
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The results reveal a significant risk of erosion and sediment
transport in the steep terrain of the Jhelum Catchment, high-
lighting the urgent need for effective land management. To
combat increasing soil erosion in the area, the study advocates
for immediate policies and measures. Key recommendations in-
clude implementing soil conservation practices such as terracing
and reforestation, enhancing land management strategies, and
adopting climate-resilient agricultural practices. Additionally,
strengthening monitoring systems for soil erosion and utilising
real-time data for adaptive management are crucial. This study
enhances our understanding of soil erosion dynamics by mapping
factors like the Revised Universal Soil Loss Equation (RUSLE),
Sediment Delivery Ratio (SDR), and Soil Suspended Yield (SSY).
This study enhances our understanding of hydrological processes
by comprehensively integrating rainfall erosivity and sediment
delivery through RUSLE and the InVEST SDR model. The R-
factor quantifies rainfall’s erosive potential via storm intensity,
duration, and kinetic energy, driving soil detachment, while the
SDR component spatially represents how hydrological connec-
tivity and topographic controls govern sediment transport. By
linking soil erosion with sediment export pathways, the study
offers a process-based, spatially explicit framework for assessing
sediment dynamics under varying land use and hydrological con-
ditions. This study shows that future increased rainfall will in-
tensify soil erosion and sediment yield in the Jhelum Catchment,
affecting runoff and sediment transport dynamics. The RUSLE-
based framework provides critical insights for similar basins,
emphasising the need for adaptive erosion control strategies to
mitigate hydrological impacts in a changing climate. The find-
ings underscore the importance of strategic conservation mea-
sures in the face of changing climate conditions and offer valuable
insights for future research on land management practices and
erosion control strategies.
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