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Abstract

:

The Kashmir valley is prone to flooding due to its peculiar geomorphic setup compounded by the rapid anthropogenic land system changes and climate change. The scarcity of observations is one of the major challenges for understanding various land surface processes in the mountainous and mostly ungauged terrain. The study assesses the impact of land use and land cover (LULC) changes between 1980 and 2020 and extreme rainfall on peak discharge and sediment yield in the Upper Jhelum Basin (UJB), Kashmir Himalaya, India using KINEROS2 model. Analysis of LULC change revealed a notable shift from natural LULC to more intensive human-modified LULC, including a decrease in vegetative cover, deforestation, urbanization, and improper farming practices. The findings revealed a strong influence of the LULC changes on peak discharge, and sediment yield relative to the 2014 timeframe, which coincided with the catastrophic September 2014 flood event. The model predicted a peak discharge of 115,101 cubic feet per second (cfs) and a sediment yield of 56.59 tons/ha during the September 2014 flooding, which is very close to the observed peak discharge of 115,218 cfs indicating that the model is reliable for discharge prediction. The model predicted a peak discharge of 98,965 cfs and a sediment yield of 49.11 tons/ha in 1980, which increased to 118,366 cfs and, 58.92 tons/ha, respectively, in 2020, showing an increase in basin’s flood risk over time. In the future, it is anticipated that the ongoing LULC changes will make flood vulnerability worse, which could lead to another major flooding in the event of an extreme rainfall as predicted under climate change and, in turn, compromise achievement of sustainable development goals (SDG). Therefore, regulating LULC in order to modulate various hydrological and land surface processes would ensure stability of runoff and reduction in sediment yield in the UJB, which is critical for achieving many SDGs.
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1. Introduction


Flooding, exacerbated by land use changes in drainage basins, causes a massive influx of sediment load, which is a major global concern [1,2,3]. There are several reasons for the increase in the frequency of flood events across the world; however, land system and climatic changes are undoubtedly the most important factors to consider [4]. The frequency and magnitude of floods have increased over time, owing primarily to global warming which is expected to surge in the future, intensive natural resource exploitation, inappropriate land use changes, sedimentation of water courses, and rapid urbanization, all of which have accelerated the occurrence of natural phenomena and processes such as flooding and gravitational mass movements [5,6,7,8,9,10]. The Jhelum Basin’s peculiar geomorphic set up, comprising a flat valley floor surrounded on all sides by lofty mountains, heterogeneous lithology, and varying hydrological conditions, makes the basin extremely vulnerable to flooding [11,12]. The presence of injudicious socioeconomic structures [13] and massive land system changes in the floodplains [12,14,15], which interfere with the hydraulic and hydrological processes during flooding. The 2014 flooding event was one of the massive disasters in the flood history of Kashmir in which 100 people died, resulting in an economic loss of INR 1 trillion [16], which includes losses to agricultural as well as direct damage to buildings and infrastructure. The government declared the storm a “natural catastrophe” after it inundated large number of areas along the Jhelum main stream and its tributaries in the Kashmir valley. According to the World Bank report, the government described the disaster as “the worst tragedy in a century”, with “colossal loss of life and extensive damage to residential and commercial sectors, public facilities, including hospitals, road infrastructure, agriculture, and transport sectors”. About 350,000 buildings were affected in the Kashmir valley by the 2014 floods, including 250,000 residential houses, and about 1.2 million families living in 5500 flood-hit villages across the state were displaced [17].



Anthropogenic LULC changes cause environmental changes at all scales [18] and are responsible for the changes in a basin state and hydrological response [19]. There is a growing awareness of the importance of LULC and its impacts on various hydrological and land surface processes. It is important to analyze and understand the effects of LULC on hydrological, ecological, climatic, and biological processes over time and space [20,21,22,23]. Several studies have been conducted on the impact of human activities and climate change on hydrological processes in catchments [9,24,25,26,27,28,29]. Anthropogenic activities such as urbanization have reduced permeability and infiltration, resulting in increased and peak runoff in urban areas [30,31]. Moreover, vegetation removal, which is usually associated with urbanization and infrastructure development, is responsible for reduced rainfall interception and soil water storage [32]. Geographical distribution and dynamics of land cover are critical factors for estimating the impermeability along slopes and identification of areas contributing to the runoff into the channels that drain the catchment [33]. Various studies have focused on LULC change at the catchment scale and its potential impact on flooding [34]. All these studies showed diverging results and demonstrate the complexity of understanding the impacts of land system changes [35]. How the loss of pervious area and vegetation cover increases runoff from catchments is an important research area linked to LULC change. Apart from that, other factors such as changes in flow regimes, or constrained river morphology, all contribute to the worsening of flood conditions [36,37,38].



The Himalayas, due to the steep slopes and young geologic materials, is recognized as one of the world’s most fragile and vulnerable ecosystems [39], and it poses a major challenge for soil development due to the excessive runoff and high soil erosion rates, both of which contribute to land degradation and natural hazards, particularly those triggered by the action of water [40]. Anthropogenic activities such as the construction of embankments, barrages, dams, land clearance, urbanisation, loss of wetlands, and land use changes, among others, have impacted drainage capacity of rivers due to increased sediment load and storm runoff, resulting in catastrophic floods [41,42,43]. Deforestation, terrain steepness, high intensity rainfall leading to excessive runoff and sediment production, overgrazing, tectonics, and intensive and primitive farming are the main causes of soil erosion [44,45,46,47,48,49].



Climate change has received attention from hydrologists in recent years as it significantly affects various components of the hydrological cycle [50]. The projected climate changes in the Jhelum basin would have significant impacts on the frequency of climate extremes, and streamflow of the Jhelum River, which in turn would adversely impact various ecosystem services and other key economic sectors in the basin [51]. Recent studies have found that extreme hydrological events, such as floods, are becoming more frequent and severe as a result of climate change [52,53,54,55] and therefore compromise the achievement of several SGDs especially in low- and middle-income countries [56].



Geospatial modelling has significantly aided runoff and soil erosion studies [12,28,57,58], which have helped in the development of appropriate soil and water conservation measures, particularly at catchment scale [59]. In this study, the past and present LULC changes in UJB between 1980 and 2020 were assessed using remote sensing and GIS techniques to quantify their impact on hydrological processes and flood hazard risk in the UJB using the 2014 flooding event as a reference point employing an event-based distributed and dynamic conceptual modelling framework, that requires varied information about soils, LULC, and geomorphology in GIS environment. This study aims to understand the inter-dependent relationships between LULC changes, extreme rainfall events, and flood risk, and the findings would inform the development of a suitable policy to achieve SDGs and ensure the sustainable development of UJB.




2. Materials and Methods


2.1. Study Area


The study was carried out in the Upper Jhelum Basin (UJB), in the Kashmir Himalaya, India (Figure 1a), The Kashmir valley, which encompasses Jhelum basin, has a fairly well developed drainage system headed by the Jhelum main channel and comprises of 24 catchments [60]. The River Jhelum, situated in a tectonically active geomorphic setting, makes some of the finest meanders over its course and deposits a good deal of its suspended load along its bank [37]. The UJB, comprising of five catchments such as Lidder, Kuthar, Bringi, Sandran and Veshu, lies between 33°24′54″ N to 34°27′52″ N latitude and 74°24′08″ E to 75°30′36″ E longitude, having a catchment area of 3670 km2 and basin length of 34.5 km up to Sangam (Figure 1a). The average elevation of the UJB is about 2684 m above sea level and is generally precipitous with an average slope of 29.4%. Average annual precipitation (based on 38 years of data) is 1005 mm and the majority of its precipitation is received in the form of snowfall from the western disturbances during the winter season [61,62]. However, the mountainous parts of the basin receive early snowfall from October and normally continues till late April. The surrounding Pir-Panjal mountain range from the south-west limits the effect of summer monsoons in the basin, notwithstanding the periodic monsoon intrusions into the basin [63,64].



Significant precipitation is received in March, April, and May, and the mountains remain covered with snow until the end of June [65]. July is the warmest month, with a mean maximum temperature of 24.6 °C, whereas January is the coldest month, with a mean minimum temperature of 1 °C [66]. The climate of Kashmir is temperate, with significant seasonal fluctuations. Soils are medium developed and generally of a loam texture, with lithosols and associated cambisols being the predominant soil group [67]. Most of the vegetation in the catchment is composed of horticulture, plantations, scrublands, and forests [68]. However, the study area also includes a variety of other LULC types, some of which are natural, whereas most are controlled and managed by humans.




2.2. KINEROS2 Model


KINEROS2 (K2) is an event-based distributed and dynamic model, which simulates hydrological event for peak streamflow and sediment yield [69,70]. The model has been used to predict surface runoff, soil erosion, infiltration, and interception depth from catchments [69,71]. Saran et al., 2021, showed that by integrating data from remote sensing with KINEROS2 in GIS, the approach worked well and the output was helpful in designing sustainable catchment management strategies [72]. In another study, Hernandez et al., 2000, used the KINEROS2 model to estimate runoff response to land cover and rainfall changes in semi-arid catchments and were able to characterize the basin’s runoff response to changes in land cover [73]. The KINEROS2 was used by [74] to model runoff and erosion on steep highways in northern Thailand and in a small Mediterranean mountain basin. Results demonstrated that the KINEROS2 was able to simulate land erosion, with limited robustness [75]. The study area is very susceptible to flooding, with a sizable upstream area covered in steep mountainous terrain. Extreme rainfall events typically induce rapid streamflow, creating floods, which the model best takes into account. Another justification for using the KINEROS2 model in this investigation is the absence of gauging stations in the study area.



In the model framework, catchment is approximated by a cascade of overland flow planes, channels, and impoundments. Overland flow planes can be split into multiple components with different slopes, roughness, soils, and so on [76]. The LULC, soils, precipitation, and GPS field data are integrated in GIS to simulate infiltration, erosion, and runoff processes along planes and channels. To account for the soil redistribution behavior, the KINROS model requires a distribution index of the pore size (λ) parameter, which serves as a basic descriptor of soil hydraulic characteristics. The model simulates the effects of changing geographical variation in soil hydraulic conductivity (Ks) to account for the random variation in soil hydraulic properties. KINEROS2 also requires land cover parameters, which include hydraulic roughness for different LULC classes, impervious and pervious surfaces, interception depths for impervious and pervious surfaces, and canopy cover fractions. The KINEROS2 model is driven by precipitation data in terms of time-intensity or time-accumulated depth pairs. The parameter characteristics of the planes and channels is shown in Table 1.



KINEROS2 employs the generalized Smith–Parlange model to estimate infiltration [77]. When rainfall intensity exceeds the soil’s infiltration capability, the overland flow situation arises. The infiltration capacity, f(t), is calculated as follows:


  f  t  =  K S    1 +  ω /   e  ω F    t   /      G + h     Φ −  θ i      − 1          



(1)




where F(t) represents the cumulative infiltration depth of water in the soil, h is the flow depth, Φ refers to soil absorbency, θi is the initial soil moisture content prior to the event, and ω is a parameter having a value between zero and one, Ks is the soil hydraulic conductivity, and G is the net capillary drive parameter.



KINEROS2 simulates flow across individual rectangular planes using a kinematic wave approximation and solves the continuity problem as follows:


    ∂ h   ∂ t   + a m  h  m − 1     ∂ h   ∂ x   =  q L    x , t    



(2)




where t is time, x is the distance along the slope direction, a and m parameters are related to slope, qL refers to lateral inflow rate, flow regime, and surface roughness. The relationship between unit flow discharge q and flow depth h is shown as follows:


  q = a  h m   



(3)







The overland flow entering the channel is then routed to the catchment outlet.




2.3. Model Input Parameters


Table 2 provides information about the key parameters and their sources required as input for the model. Carto DEM obtained from the Cartosat-1 satellite stereo images with a spatial resolution of 30 m was used in this study as it has shown better performance accuracy compared to other publicly available DEMs [78]. LULC data was derived from a time series of Landsat satellite data from 1980, 2014, and 2020 using on-screen digitization [79].



Food and Agriculture Organization (FAO) digital soil map provided by the United Nations Educational, Scientific and Cultural Organization (UNESCO) [80] and having a spatial resolution of 1:5 million was used in this study. Hourly precipitation data from 3 September to 6 September 2014, provided by the Indian Meteorological Department (IMD) from 04 stations situated within and around the UJB catchments, was used to estimate rainfall depth for input into the model. Daily soil moisture (percent volumetric soil moisture) derived from the Climate Data Records (CDR), based on the ESA Climate Change Initiative (CCI), was used as a model input parameter [81]. Initial relative soil saturation used in the model was derived from Soil Moisture data product version 4. River discharge data, recorded at the exit of the UJB at Sangam from 3–6 September 2014, was used to validate the model output to determine the model efficiency in simulating the peak flood discharge.




2.4. Storm Runoff Simulation


The KINEROS2 model was used to simulate storm runoff from UJB in response to the specific extreme rainfall event that occurred between 3–6 September 2014, with an average rainfall depth of 121 mm in the range of 42 mm to 206 mm observed throughout the study area. Using the average rainfall depth for calibration, storm runoff and erosion was simulated. The model specifically simulates peak flow (m3 s−1), storm volume (mm), peak sediment discharge (kg s−1), and storm sediment yield (kg s−1). The model was first run using 2014 LULC data, to accurately represent the land system scenario at the time of the occurrence of the extreme rainfall event in September 2014. In order to determine the changes in rainfall-runoff processes in response to the changing LULC in the past (1980) and present (2020) scenarios, the model was run with changing the LULC information while keeping all other model input parameters static (e.g., calibration parameters, soil saturation index, precipitation data, soil map, and DEM). This was done to simulate peak discharge and peak discharge volume caused by a similar extreme rainfall event as that of the 2014 September event but under the changing LULC scenario as present during 1980 and 2020.




2.5. Land Use and Land Cover Information


LULC data was extracted from satellite imageries [82] acquired from Landsat MSS sensor for the year 1980, ETM sensor for the year 2014, and OLI/TIRS sensors for the year 2020. In order to investigate the LULC change w.r.t time, fourteen distinct land-cover types were chosen: (1) Agriculture; (2) Barren land; (3) Horticulture; (4) Forests; (5) Degraded Forest; (6) Exposed rocks; (7) Built Up; (8) Pasture; (9) Scrub land; (10) Plantation; (11) River Bed; (12) Glaciers; (13) Snow; (14) Water. An on-screen digitization technique was used for all three date satellite images [83] through image interpretation, followed by accuracy assessment of the LULC data using 800 validation ground truth points chosen across the UJB and also supported by high resolution Google earth data. Classification accuracy of the LULC map was determined using Kappa coefficient [84,85]. Overall, accuracy of the LULC was evaluated from the error (confusion) matrix. The accuracy assessment result revealed an overall accuracy of 85% and a kappa value of 0.80 for the year 2020. User’s accuracy ranged from 49.4% to 91% while producer’s accuracy ranged from 52% to 100%. User’s accuracy is the more appropriate measure of the LULC classification’s actual utility in the field. Horticulture showed the highest user accuracy of 91%. Land-cover attributes were linked to the LULC through LUT; each of the fourteen land-cover classes received representative values for the following variables: estimated canopy cover, interception, Manning’s roughness coefficient, and imperviousness (percent paved area), following [69,86].




2.6. Model Calibration and Validation


Model calibration and validation are crucial stages in the development and implementation of any process-based hydrological model [87]. A multiplier strategy was employed for both calibration and sensitivity analysis of the model [88]. In this method, all initial values are multiplied by a factor to increase or decrease their value. The model’s sensitivity to change was determined by altering a series of parameters from their original values to determine the change in the peak discharge during each run. The calibration was performed for three rainfall events that occurred on 3rd, 4th, and 5th, September 2014. The values of Ks and n were changed by ±60% of the initial value at an interval of 5%. Each model run revealed that the Ks value is close to 50% or 1.5 times the initial value, and n values are close to +35% or 1.35 times the initial value. After the parameters were improved, the model was validated using the rainfall event of 6th September 2014. KINEROS2 model calibration required three storm events; therefore, the model validation was carried out for the consecutive 6th September 2014 flood event. The validated event dated September 6th was therefore used as a baseline event for assessing the impact of temporal LULC change on peak discharge and sediment yield in the basin under both past and present LULC scenarios as shown in Figure 2. However, no validation of the simulated sediment output could be performed, as there is no observed sediment data available in any of the catchments in the UJB.





3. Results


3.1. Land Use-Land Cover Change Analysis


The satellite image analysis showed a significant LULC change in the study area during the last 40 years from 1980 to 2020 as shown in Figure 3 and Table 3. It is obvious from the analysis of the 1980 data that large portions of the land in the UJB are utilized for forestry and agriculture (paddy) purpose. The existing LULC scenario in 2020, on the other hand, indicates a considerable shift towards horticulture and other anthropogenic-driven LULC.



Table 3 compares the LULC changes that have occurred in the UJB between 1980 and 2020. The agriculture land use has witnessed the maximum change across the five catchments, declining from 25.4% in 1980 to 9.98% in 2020, showing a decrease of −13.27% during 1980–2014 period and −2.2% during 2014–2020 period. Correspondingly, horticulture showed a significant increase, implying a significant shift from agricultural to horticulture, which has increased from 4.3% in 1980 to 17.08% in 2020. The analysis of the LULC data showed a significant decrease in the forest cover from 31.99% in 1980 to 26.79% in 2020. Between 1980 and 2014, the built-up area of UJB expanded by 1.38%, and between 2014 and 2020, the built-up expanded by 0.7%, showing a total increase of 2.08% between 1980–2020. All other LULC classes showed varying changes, as evident from the data provided in Figure 3 and Table 3. The comparison of the LULC data, also clearly indicates the land system changes that have occurred in the study area during the last 40 years in the UJB.




3.2. Runoff, Soil Loss, and Sediment Yield


Sensitivity analysis of the model showed that the model is very sensitive to the changes in the saturated hydraulic conductivity (Ks) and the Manning’s coefficient (n), both of which have a significant impact on surface runoff generation [89,90]. Based on the model calibration, it was obvious that despite close matches found between observed and simulated peak discharge as shown in Table 4 which was run using 2014 LULC data, the model did not accurately predict the falling peak of one of the high-intensity events on 5th of September. The simulated changes in runoff resulting from the land cover changes are shown in Figure 4, which also indicates the positive and negative changes in runoff volume (Figure 4a,c). It is important to note that the study area exhibits an increasing runoff tendency which varied between 2% and 22% in the streams and 1% to 19% at the UJB level between 1980 and 2014, though, some negative changes in some planes were also observed as seen in Figure 4a. Furthermore, the runoff has increased from +0.03% to +18% from 2014 to 2020 in the UJB, with a negative change of −3% to −1% in planes and channels, respectively, as shown in Figure 4c. Overall, the average runoff in the catchment has changed from 22.52 mm in 1980, to 23.42 mm in 2014, and 23.61 mm in 2020, mainly due to the transition of LULC classes from natural vegetation cover to bare lands and urban areas driven by anthropogenic activities.



Peak discharge with respect to the 6 September 2014 storm event is predicted to have increased from 115,101 cfs to 118,366 cfs in 2020, indicating an increase of 2.8% in the peak discharge, as shown in Figure 5a. Peak discharge for the same rainfall event simulated in 1980 decreased to 98,965 cfs, showing a 16% reduction in the peak discharge under 1980 LULC scenario.



The simulated change in sediment yield in response to the LULC changes from 1980 to 2020 are depicted in Figure 4b,d, which indicates both positive and negative changes in the UJB. Sediment yield increased from +5.8% to +52% in the streams and +0.3% to +74% in the planes as shown in Figure 4b during 1980 to 2014 and from +3.2% to +14% in the streams and +0.84% to +18% in the planes during 2014 to 2020 (Figure 4d), with few negative changes in some planes and streams. In absolute terms, the sediment yield increased from 334.6 tons s−1 in 2014 to 349.6 tons s−1 in 2020, showing an increase of 4.5% during the period as shown in Figure 5b. However, as per the model simulations sediment yield in 1980 in response to the extreme rainfall event (of the magnitude witnessed in September 2014) was 260.6 tons s−1, indicating a reduction of 28% in the sediment yield. It is evident from the results that the variation in the peak discharge and sediment yield due to the LULC changes significantly influences the production of sediment load from 1980 to 2020 in the basin.



The spatial and temporal assessment of soil loss in the basin during 1980, 2014, and 2020 is displayed as a dot density map (Figure 3a–c), with each dot representing 4000 kg ha−1 of soil loss. Figure 6 depicts the soil loss for each LULC class in the study area. Scrublands showed an increased soil erosion by 11.87% from 1980 to 2014 and 0.19% from 2014 to 2020. Degradation of forests showed an increased soil loss of 62.6% between 1980 and 2014 and a further increase of 8.7% between 2014 and 2020. Scrublands and degraded forests had the maximum soil erosion rates, showing a consistently increasing trend from 1980 to 2020. Degraded forests situated on denudated and steep slopes with little tree cover are directly exposed to the raindrop impact which accelerates the detachment, removal, and transportation of soil particles resulting in enhanced soil erosion. Similarly, barren lands showed an 11.67% increase in soil erosion between 1980 and 2014 and 6.27% between 2014 and 2020.



However, forests showed a decrease of 12.5% in soil erosion production from 1980 to 2014 and a further reduction of 3.82% from 2014 to 2020, which only implies that there has been a significant loss of forest area in the study region which is collaborated from the significant loss of forest cover (5.54%) in the study area since 1980. The forests and horticulture LULC types had the lowest per unit area soil loss rates. However, forest cover has declined over the period, whereas horticulture has significantly increased between 1980 and 2020 as depicted in Figure 7. Forests all over showed lower erosion rates in 1980, 2014, and 2020 with an average of 5.11 tons ha−1, whereas some planes showed erosion rates greater than 10 ton ha−1. The varying magnitude and spatial variation of erosion in the study area from 1980 to 2020 is due to the changing LULC as evident from the perusal of the information in Figure 6 and Figure 7. It is noteworthy that there is even slightly low erosion under built-up category due to the presence of some non-concrete roads, railways, and other non-concrete spaces associated with built-up in the study area.



This variation occurred due to the transition of one LULC class into another between 1980 and 2020 with the natural land cover types such as forests increasingly being converted into anthropogenic LULC having higher potential for soil erosion. The dot density maps clearly show that soil erosion is higher in the north and north-eastern parts of the UJB, which have steep slopes devoid of any significant vegetal cover.





4. Discussion


Large scale expansion of horticulture, urbanization, and degradation of forests in the study area are the most notable LULC changes, leading to the loss of agriculture and forests from 1980 to 2020. The expansion of horticulture is primarily driven by economic considerations as fruit crops fetch higher economic returns to the farmers compared to the paddy cultivation [91]. The significant expansion in settlements in the study area has occurred at the expense of agriculture, horticulture, and even forests. This has led to significant increase in impervious surfaces, which impede infiltration, and thus boasting storm runoff in the event of heavy rainfall in the basin [92]. Furthermore, the increase in population and the consequent need for housing and other required infrastructure, expansion of economic activities, and other related LULC processes are responsible for the urbanization witnessed in the basin. Similarly, deforestation has reduced tree density in the forest, thereby increasing the surface runoff and soil erosion rates from degraded forests [93]. The estimated soil loss from each LULC type varies depending upon several factors such as vegetation cover extent and type, slope, soil properties, and social economic setting [94]. Analysis of the LULC data provided in Table 3 shows that the land system has changed significantly between 1980 and 2020 in the basin.



Due to the mountainous topography, the UJB is prone to multiple natural hazards such as avalanches, flooding, cloud bursts, and landslides [95]; the settlements are mostly confined to the plains and along the river courses. The LULC changes bring about consequential changes in the roughness, particularly the increase in the built environment enhancing surface runoff and even flooding, if, the streamflow exceeds bank full discharge of a river [96,97]. That is exactly like what happened during the September 2014 flood event. To gain a better insight into the potential impacts of such changes, hydrodynamic-numerical modelling was employed as it serves as an appropriate tool to investigate the effects of different scenarios of LULC changes on flooding characteristics. The extent and location of natural land cover influences the amount of energy that is available to displace more water and materials [98]. Basins with a good forest cover are able to accommodate and handle energy associated with rainfall better than those having significant proportion of bare land and human settlements [99]. The UJB has tremendous hydrological importance due to its direct effect and potential to influence hydrological regime, flood volumes, and soil erosion downstream of the Sangam [12,100,101]. The high anthropogenic pressure on LULC due to population growth and infrastructure development, determines the magnitude and patterns of land system changes that many basins undergo these days [102,103]. Generally, the continuing loss of natural cover, especially in the mountainous regions where land is a scarce resource, imposes a great challenge on flood risk management [104]. Moreover, extreme precipitation events caused by climate change [12], usually exceeds the energy threshold of rains falling on denuded lands, causing huge volumes of sediment detachment and transportation from a degraded catchment [105,106]. Anthropogenic landscape changes are more likely to have a profound influence on land surface processes related to hydrology and erosion in the event of extreme rainfall, the probability of which is increasing in the basin under changing climate. To accommodate and absorb excess runoff, non-structural measures such as the restoration of degraded forests is imperative as a part of the comprehensive catchment management strategies [107].



Due to the expansion of settlements and the associated built-up urban infrastructure such as roads, highways, railways, etc., the proportion of the impervious surfaces has significantly increased, thereby adversely affecting the vulnerability of basin to storm run-off and overland flow with the consequent increase in the sediment yield transported out of the basin [108,109]. Basin areas covered with highly erodible soils are more susceptible to soil loss and sediment delivery to streams than those with non-erodible soils [9,110] as rain drops have the ability to accelerate the displacement, separation, removal, and movement of soil particles from denuded and deforested slopes [98]. Furthermore, the expansion of scrublands to the previously forested steep slopes, exposed these lands to direct impact of raindrop that aided the erosion of the top soil layer [12]. This entire scenario facilitates the transport and deposition of the eroded sediments into the streams, water courses and water bodies leading to their sedimentation, thus increasing the vulnerability of floodplains to flood inundation [111,112]. The flood situation becomes worse due to the inadequate and deteriorating flood control infrastructure and institutional weaknesses to manage the magnitude of heavy flooding [12]. Deteriorated flood control infrastructure, shrinking wetlands, deforestation, rapid urbanization of Jhelum floodplains, and siltation of watercourses seen over the last few decades have reduced the environment’s ability to absorb excess rainwater in the Jhelum basin [113], thus increasing the basin’s vulnerability to flooding [11].




5. Conclusions


The study demonstrated the usefulness of integrating remote sensing, GIS, and field observations with a distributed hydrological model in the GIS environment for simulating a hydrological response to an extreme precipitation event under changing LULC at a catchment scale. The land system has undergone significant changes in the basin since 1980. The increase in the impervious area due to the built-up expansion have altered the natural hydrology and infiltration properties of the soils in catchments. Deforestation and land degradation, particularly in mountainous catchments, alter the soil’s physical properties and thus give a flip to runoff generation, erosion, and the sedimentation processes.



The KINEROS2 model predicted the 2014 peak flood discharge very well, despite not accurately capturing the falling peak of the flood hydrograph. The results were generated using different data land use maps on a single validated event on 6th September 2014. The significant LULC changes in the basin from 1980 to 2020, particularly the dwindling agriculture and degraded forests, urbanization, and horticulture expansion have significantly affected the hydrological response of the basin to extreme rainfall events. In the event of heavy rainfall, the storm runoff generation and subsequent peak discharge in the basin showed an increase compared to 1980. The increasing trend of the peak discharges, sediment yield, and erosion rates predicted in 2020 is due to the land system changes that have occurred in the basin since 1980 such as built-up expansion, forest degradation, and agriculture loss indicating have significantly enhanced the probability of flooding in the basin. The research revealed that the average runoff volume has increased from 22.52 mm in 1980 to 23.42 mm in 2014, and 23.61 mm in 2020. The sediment yield in the planes of the basin increased from 49.11 tons ha−1 in 1980 to 56.59 tons ha−1 in 2014, and 58.92 tons ha−1 in 2020.



These findings from this work indicate significant alterations in the catchment hydrological and land surface processes, which can have disastrous consequences for the public property and life in the eventuality of an extreme rainfall event in the near future, which have become more frequent in the basin due to climate change. Therefore, there is a need to regulate the land system changes in the basin with a focus to increase vegetal cover, conserve soil and land resources, and encourage infiltration-friendly urban planning to minimize flood peak and volume and reduce sediment yield and erosion from the catchments in the eventuality of an extreme weather event. This would increase the resilience of people and places to natural hazards and climate change, which is critical for realizing many Sustainable Development Goals.
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Figure 1. Location of study area in the figure with. (a) Union of India; (b) The UTs of Jammu, Kashmir, and Ladakh; (c) Upper Jhelum Basin (UJB) with numbers representing different sub-watersheds. 
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Figure 2. Hydrograph of four extreme rainfall events observed during 3–6 September 2014. 
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Figure 3. Land use and land cover of the study area in in the figure with (a) 1980; (b) 2014; (c) 2020; and (d) dot density map showing spatio-temporal variability of soil erosion from 1980 to 2020. 
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Figure 4. Percent change in the figure with (a) surface runoff (mm) from 1980 to 2014; (b) sediment yield (kg/ha) from 1980 to 2014; (c) surface runoff (mm) from 2014 to 2020; and (d) sediment yield (kg/ha) from 2014 to 2020. 
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Figure 5. Impact of land use and land cover changes on (a) peak discharge and (b) sediment yield in 1980, 2014, and 2020. 
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Figure 6. Land use and land cover (LULC) information and soil loss for each watershed plane during 1980, 2014, and 2020. 
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Figure 7. Land use and land cover information of the study area in 1980, 2014, and 2020. 
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Table 1. Watershed plane and Channel parameter characteristics [70].
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	Plane Parameters
	Parameters Definitions
	Channel

Parameters
	Parameter Definitions





	Length
	Length (m)
	Upstream
	Upstream Identifier(s) to ten upstream contributing elements



	Width
	Width (m)
	Lateral
	Identifier(s) of up to two plane elements contributing lateral inflow



	Slope
	Slope (rise/run)
	Length
	Length (m)



	Manning
	Roughness coefficient

(sm−1/3)
	Width
	Bottom Width (m)



	K
	Saturated hydraulic conductivity (mm/h)
	Slope
	Bottom Slope (rise/run)



	G
	Mean capillary drive, mm
	Manning
	Roughness coefficient (sm−1rs)



	Porosity
	Porosity
	SAT
	Initial degree of soil saturation



	ROCK
	Volumetric rock fraction
	SS1, SS2
	Bank side slopes-right or left



	DIST
	Pore size distribution index
	Kfs
	Saturated hydraulic conductivity (mm/h)



	CV
	Coefficient of variation of K
	G
	Mean capillary drive, mm



	INTER
	Interception depth (mm)
	Porosity
	Porosity



	CANOPY
	Fraction of surface covered by intercepting cover
	ROCK
	Volumetric rock fraction



	FRACT
	List of particle class fraction
	DIST
	Pore size distribution index



	SPLASH
	Rain splash coefficient
	COH
	Soil cohesion coefficient



	COH
	Soil cohesion coefficient
	FRACT
	List of particle class fractions



	
	
	TYPE
	Simple or Compound
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Table 2. Details of the KINEROS2 model input data and the sources thereof.
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	S. No.
	Parameters
	Source
	Year
	Resolution
	Sources





	1.
	Slope and Aspect
	CARTO DEM
	2014
	28 (m)
	http://bhuvan.nrsc.gov.in (accessed on 20 August 2021)



	2.
	Land Use Land Cover
	Landsat
	1980, 2014, and 2020
	60 (m) and 30 (m)
	http://earthexplorer.usgs.gov (accessed on 20 August 2021)



	3.
	Soil Database
	Digital soil map of the world
	2013
	1:5 Million
	http://www.fao.org (accessed on 2 February 2022)



	4.
	Precipitation
	Average rainfall Depth
	3–6 September 2014
	Daily
	Indian Metrological Department (IMD)



	5.
	Soil Moisture
	Volumetric soil moisture (%)
	3–6 September 2014
	Daily
	https://climate.copernicus.eu/climate-data-store (accessed on 2 February 2022)



	6.
	Discharge Data
	Gauge recorder
	3–6 September 2014
	Daily
	Irrigation and Flood Control (IFC)
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Table 3. Land use and land cover information during 1980, 2014 and 2020 and the changes thereof.
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	Land Use/Land Cover Type
	1980

(% Area)
	2014

(% Area)
	2020

(% Area)
	1980–2014

(% Change)
	2014–2020

(% Change)





	Agriculture
	25.40
	12.13
	9.98
	−13.27
	−2.2



	Barren
	0.68
	1.21
	1.26
	0.53
	0.1



	Built-Up
	0.51
	1.89
	2.58
	1.38
	0.7



	Degraded Forest
	6.11
	8.99
	9.67
	2.88
	0.7



	Exposed Rock
	11.49
	10.82
	12.69
	−0.68
	1.9



	Forest
	31.99
	27.85
	26.79
	−4.14
	−1.1



	Glacier
	0.28
	1.14
	1.10
	0.86
	0.0



	Horticulture
	4.31
	15.32
	17.08
	11.01
	1.8



	Pasture
	1.04
	1.06
	1.07
	0.02
	0.0



	Plantation
	1.39
	2.15
	2.02
	0.76
	−0.1



	River Bed
	2.15
	1.46
	1.49
	−0.69
	0.0



	Scrub
	12.01
	13.33
	13.32
	1.32
	0.0



	Snow
	1.57
	1.80
	0.19
	0.23
	−1.6



	Water
	1.07
	0.86
	0.76
	−0.21
	−0.1
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Table 4. Land use and land cover information during 1980, 2014, and 2020 and the changes thereof.
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	Events
	3 September 2014
	4 September 2014
	5 September 2014
	6 September 2014





	Rainfall Depth (mm)
	55.22
	98.2
	127.2
	101.32



	Initial Soil Moisture (%)
	79%
	88%
	72%
	89%



	Observed discharge
	66,082
	98,257
	107,647
	115,218



	Simulated discharge
	64,104
	103,455
	111,447
	115,101
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