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[bookmark: _Toc230290391][bookmark: _GoBack]ABSTRACT
Accurate estimation of rainfall-runoff processes is critical to successful watershed management, flood prediction, reservoir design and sustainable water resource management. In monsoon-dominated basins, a large spatial and temporal variation of the rainfall combined with heterogeneous use of the land and soil conditions has a significant impact on the hydrological response. The present study is focused on rainfall-runoff estimation of the Ong River Basin, a tributary to Mahanadi River system of Odisha, India using Soil Conservation Service Curve Number (SCS-CN) method integrated with Geographic Information Systems (GIS), Remote Sensing and Hydrological simulation in HEC-HMS.
The main aim of the research was to assess the basin hydrological response under selected rainfall events through the combination of the spatial data analysis with the event-based runoff modelling. Digital Elevation Model (SRTM) data was processed in GIS to define the limit of the watershed, extract the drainage networks, calculate the slope distribution and derive the morphometric parameters. Land use/land cover classification was done by satellite imagery, and soil maps were re-classified to Hydrologic Soil Groups. Spatial overlay analysis allowed average antecedent moisture conditions Curve Number values to be computed.
The weighted Curve Number for the basin under AMC II conditions was found to have moderate to high runoff potential. The potential maximum retention parameter and initial abstraction were calculated using standard SCS relationships. Runoff depth was estimated for selected monsoonal rainfall events using SCS-CN equation, thus showing non-linear rainfall run-off behaviour and high sensitivity to antecedent moisture conditions.
Hydrological simulation was done in HEC-HMS with SCS Curve Number method as loss model and SCS Unit Hydrograph as transform method. Lag time was estimated according to the basin morphometry and event based hydrographs were generated for calibration and validation rainfall events. Model performance was assessed with the help of statistical performance metrics such as Nash-Sutcliffe Efficiency, coefficient of determination and Root Mean Square Error. Calibration results showed satisfactory agreement between observed and simulated discharge proving that the integrated modelling framework is suitable for the Ong River Basin.
The results show that runoff generation in the basin is strongly controlled by the dominance of Hydrologic Soil Groups C and D in combination with the land use of agriculture. Under intense monsoonal rainfall, one of the effects of rapid runoff concentration is significant peak discharge. The spatial integration of GIS and Remote Sensing Grossly improved the parameter estimation as compared to lumped modelling approaches.
The study establishes the combined GIS-SCS-CN-HEC-HMS methodology to be a reliable and practical one for rainfall runoff estimation in monsoon-driven river basins. The modelling approach can be used to support flood risk assessment, hydraulic structure design and watershed management planning in similar ungauged or partly gauged catchments.
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[bookmark: _Toc230290394]ABBREVIATIONS AND UNITS USED
AMC - Antecedent Moisture Condition.
CN - Curve Number
DEM - Digital Elevation Model
GIS - Geographic information system
HSG - Hydrologic Soil Group
HEC-HMS - HEC-HMS
Ia - Initial Abstraction (mm)
L - Hydraulic Length of Basin (m)
NSE - Efficiency of the Nash-Sutcliffe
P - Rainfall Depth (mm)
Q - Runoff Depth (mm)
R2 -Determination Coefficient.
RMSE -Root Mean Square Error (m3/s)
S - Potential Maximum retention (mm)
SCS-CN - Soil Conservation Service Curve number Method
SRTM - Shuttle Radar topography Mission.
Tc - Time of Concentration (hr)
Tlag - Basin Lag Time (hr)
UH - Unit Hydrograph

[bookmark: _Toc230290395]INTRODUCTION
[bookmark: _Toc230290396]GENERAL
Water resources are the backbone of socio-economic development, ecological sustainability and food security (Goswami and Padam Singh Bisht 2017). In countries like India that are dominated by the monsoon season, rainfall is the most important source of freshwater. However, the distribution of rainfall is very uneven both in space and time. A large part of the annual precipitation falls in a short period of the monsoon season, which results in high surface runoff, occasional localized flooding and low groundwater recharge. During the non-monsoon months, many river basins are affected by acute water shortage. This paradox of simultaneously flooding and drought requires scientific watershed management based on a reliable rainfall-runoff estimation.
Rainfall-runoff modelling has a key role in hydrological design, reservoir planning, flood forecasting, scheduling water supplies for irrigation, soil conservation, and assessing the impact of climate (Talchabhadel and Shakya 2015). Understanding the relationship between rainfall and surface runoff is important in estimating the design flood, peak discharge, water harvesting potential and basin response for different land-use and soil conditions. Direct measurement of hydrological processes, which include interception, infiltration, evapotranspiration, percolation and overland flow, is difficult because of their complexity, especially in ungauged basins. As such, hydrologists use mathematical or conceptual models to simulate rainfall-runoff transformation.
Among different empirical and physically based methods, the Soil Conservation Service Curve Number (SCS-CN) method has been one of the most popular methods for estimating runoff. Originally developed by the United States Department of Agriculture (USDA) Soil Conservation Service (now NRCS) the method gives a simple, but robust relationship between rainfall depth, land use and soil type and runoff potential. According to (Khattab et al. 2025), its adaptability to use in regions with few data and its compatibility with the Geographic Information Systems (GIS) has made it especially helpful in developing countries.
With the advancement in Geospatial Technology, the hydrological modelling has moved from manual computation to integrated digital platforms. Geographic Information Systems (GIS), Remote Sensing (RS) and hydrological simulation tools such as HEC-HMS make it possible to model the processes in a watershed in a spatially distributed way (Patel, Soni, and Singh 2026). Satellite based land use/land cover maps, Digital Elevation Models (DEMs) and soil datasets improve the accuracy of runoff estimation by taking into account the spatial heterogeneity.
The present study is based on rainfall-runoff estimation of the Ong River Basin based on SCS-CN method implemented in HEC-HMS using integration of GIS and Remote Sensing based techniques. The research's goal is to assess hydrological response of basin, estimate the depth of runoff and peak discharge of the stream, and evaluate the watershed behaviour during different rainfall events.
[bookmark: _Toc230290397]BACKGROUND OF RAINFALL-RUN OFF MODELLING
Rainfall-runoff modelling attempts to represent in mathematical equations the conversion of precipitation into streamflow. The transformation is governed by the hydrological cycle, in which precipitation that falls to the land surface follows a number of pathways:
a) Interception by vegetation
b) Infiltration into soil
c) Surface detention storage
d) Overland flow generation
e) Contribution of the subsurface flow
f) Channel routing
Runoff generation is dependent mainly on rainfall intensity, duration, antecedent moisture condition, soil infiltration capacity, land cover characteristics, slope and drainage density (Meißl et al. 2023). Infiltration-excess (Hortonian) runoff occurs when rainfall intensity is too great to be infiltrated and saturation-excess runoff occurs when the soil becomes fully saturated.
Hydrological models may roughly be classified into:
a) Empirical models
b) Conceptual models
c) Distributed modeling based on physics
The SCS-CN method is under empirical-conceptual category. Although it is simplified it gives reasonable accuracy if calibrated properly. Its very low data requirement makes it very suitable for river basins of India where continuous discharge may not always be available.
[bookmark: _Toc230290398]PURPOSE OF THE STUDY
The Ong River Basin is a tributary to Mahanadi River system and there is a great monsoonal variability. High rainfall in the monsoon months cause high run off and possible inundation whereas the flows in the dry season reduces drastically. The effective planning of water resources in such water basins requires:
a) Reliable runoff estimation
b) Identification of areas that are hydrologically sensitive
c) Learning about the effects of land-use on runoff.
d) Evaluation for the peak discharge in hydraulic structure design
Traditional approaches to hydrological assessment tend to assume homogenous characteristics for a basin and are spatially lacking. However, land use transformation, such as deforestation, agricultural expansion, mining activities, and urbanization have a large impact on hydrological response.
Integration of GIS and Remote Sensing enables to represent spatially hydrological parameters such as slope, soil type, drainage network and land use/land cover. When coupled with HEC-HMS simulation it is possible to generate more realistic runoff hydrographs.
This study therefore addresses the need for spatially distributed rainfall run-off modelling of the Ong River Basin using a systematic geospatial approach.
[bookmark: _Toc230290399]THE STUDY AREA: ONG RIVER BASIN 
The river of life of the Ong river is a major river of Mahanadi river in eastern part of India. The basin is situated mostly in the state of Odisha and feeds on a predominantly agricultural and forested basin. The basin has tropical monsoon climatic type with the features of:
a) High rainfalls between June-September
b) Dry winter season
c) Moderate temperatures in the summertime
Topographically, the basin consists of undulating terrain having different slopes that affect the velocity and concentration time of runoff. Soil types in the basin are largely Hydrologic Soils Groups of fine and clay soils in various stretches and would have moderate to high runoff potential, owing to low infiltration potential.
[image: ]
[bookmark: _Toc230260231]Figure 1  Three Dimensional Terrain Representation of the Ong Basin
The drainage pattern is dendritic which indicates homogeneous lithological conditions in many parts of the basin. Seasonal streams also play a great role in peak flows when there is a heavy human precipitation.
It is important to accurately model rainfall-runoff of this basin for:
1) Flood management
2) Irrigation planning
3) Reservoir operation
4) Soil erosion control
5) Sustainable watersheds development

[bookmark: _Toc230290400]HYDRO-CLIMATIC CHARACTERISTICS OF THE ONG RIVER BASIN
The hydro-climatic regime of the Ong River Basin is characterized by the influence of the south-west Indian monsoon which usually moves over the Odisha during first to second week of June and receding by early October. This seasonal rainfall clustering has a significant imbalance in hydrological responses, with the basin rapidly changing from moisture-deficit pre-monsoon conditions to near-saturation conditions within a few days, drastically altering infiltration processes and runoff generation mechanisms.
The mean annual rainfall in the basin is from around 1200 mm to 1600 mm, and there are substantial spatial variations between the upper catchment where there are forests and the lower agricultural plain where there is greater exposure. The coefficient of variation of the annual rainfall can be greater than 25%, suggesting that structures or water conservation schemes based only on the mean rainfall may be misleading. Large scale climate oscillations like El Niño Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) further add to the complexity of reliable runoff forecasting from inter-annual variability.
The temperature distribution in the basin is subtropical, with mean temperatures in the summer of May-June of 38-42°C. High pre-monsoon temperatures increase the potential evapotranspiration, thus keeping the upper soil layers dry prior to the onset of the monsoon. This drying cycle is a contributing factor to the very high initial soil moisture deficiency that typifies Antecedent Moisture Condition I in the basin. On the other hand, the soil conditions rapidly reach AMC III after a few monsoon spells, and moderate rainfall generates disproportionately high surface runoff responses.
The temperature distribution in the basin is also subtropical with the mean summer temperature of 38-42°C in May and June. The high pre-monsoon temperatures increase possible evapotranspiration, which means that soils in the top layer stay dry before the onset of the monsoon. This drying cycle is part of the reason for the very low initial soil moisture conditions in the basin during Antecedent Moisture Condition I. On the other hand, if monsoon is prolonged, soil conditions rapidly progress towards AMC III and then moderate rainfall causes disproportionately large surface runoff responses.
The basin is part of the Mahanadi River system, which has cumulative impacts downstream. The high runoff in the extreme monsoon years in the Ong sub-catchment results in high inflow to the Hirakud reservoir, the largest multipurpose reservoir in India. Therefore, the accurate estimation of peak discharge and volume of runoff from the Ong Basin is not only an academic exercise but is also of operational relevance in reservoir management, flood forecasting for the downstream communities and also in irrigation scheduling in the Mahanadi command area.
[bookmark: _Toc230290401]OVERVIEW OF THE SCS-CN METHOD
The SCS-CN method is grounded on the concept of the water balance and defines the relation between the rainfall (P), runoff (Q) and the potential maximum retention (S). 
The Curve Number is calculated in reference to:
1. Land use/land cover
2. Hydrologic Soil Group
3. Moisture Condition (AMC) Antecedent.
Higher CN values indicate a higher run off potential and lower infiltration. The method assumes the uniform distribution of rainfall and fixed ratio of abstraction, which is easy to compute, but has some limitations. Despite these assumptions, it is a useful basin-scale run-off estimation tool.
[bookmark: _Toc230290402]USING GIS AND REMOTE SENSING
Remote Sensing is used to provide satellite datasets including:
1) Land Use/Land Cover maps
2) Digital Elevation Models (SRTM/ASTER)
3) Vegetation indices
4) Surface characteristics
5) Spatial analysis including: is made possible with GIS.
6) Watershed delineation
7) Drainage extraction
8) Slope classification
9) Soil mapping
10) Analysis of CN using overlays
The combining of these tools adds to better spatial accuracy of the Curve Number assignment and runoff estimation. Instead of assuming a homogenous basin property spatial variability is accounted for in hydrological modelling.
[bookmark: _Toc230290403]APPLICABILITY OF HEC-HMS FOR HYDROLOGICAL MODELLING
One of the most commonly used products in the simulation of rainfall-runoff is HEC-HMS, which is a powerful product by Hydrologic Engineering Center, University of the U.S. Army Corps of Engineers. The model allows:
a) Basin discretization into sub watersheds
b) Method of selection (SCS-CN) of loss
c) Transform method (Unit Hydrograph)
d) Baseflow modelling
e) Channel routing
When coupled with parameters derived by GIS, the HEC-HMS software generates runoff hydrographs, peak discharge values and flow volumes for given rainfall events. It supports both the event-based and continuous simulation.
The combination of SCS-CN and HEC-HMS is a powerful basis for hydrological evaluation of medium-sized river basins like Ong.
[bookmark: _Toc230290404]PROBLEM STATEMENT
Even though earlier researchers have used SCS-CN in other Indian basins, shortcomings were identified:
a) Use of single year rainfall data
b) Static land-use datasets
c) Limited points of calibration/validation
d) Absence of spatially distributed modelling
There is still a need for a comprehensive GIS based rainfall runoff modelling framework for the Ong River Basin using updated geospatial datasets and simulation using HEC-HMS.
[bookmark: _Toc230290405]OBJECTIVES OF THE STUDY
The main purpose of this research is to estimate rainfall runoff characteristics of the Ong river Basin with the help of SCS-CN method integrated with GIS and HEC-HMS.
Specific objectives are as follows:
a) Delineation of Ong River Basin by using DEM data in GIS
b) Preparation of thematic layers of land use, soil, slope, and drainage.
c) Curve Number Values Determination based on Hydrologic Soil Groups and Land Use
d) Estimation of Runoff Depth by SCS-CN method
e) Runoff Hydrograph Simulated in HEC-HMS
f) Analysis of response of peak discharge and runoff under selected rainfall events.
g) Model performance evaluation using available discharge data
[bookmark: _Toc230290406]SCOPE OF THE STUDY
The analysis is restricted to a boundary of the event based rainfall-runoff model of the Ong River Basin. The research integrates:
1) Processing of Remote Sensing data
2) Analysis of watersheds using GIS
3) SCS-CN loss modelling
4) HEC-HMS simulation of hydrograph
Climate change projection, sediment yield modelling and groundwater interaction analysis are outside the scope of the present study but are defined as future research directions.
[bookmark: _Toc230290407]IMPORTANCE OF THE WORK
The importance of this study is the integrated geospatial-hydrological modelling framework. The findings will add to:
1) Scientific management of watersheds
2) Planning to reduce the risk of flooding
3) Construction and operation of reservoir
4) Water allocation for irrigation
5) Development of sustainable water resources
By using SCS-CN methodology coupled with GIS and HEC-HMS simulation, the present study provides a replicable framework which can be used for other ungauged or partly gauged basins in India.
[bookmark: _Toc230290408]ORGANISATION OF THE DISSERTATION
The dissertation consists of five chapters, which cover different stages of the research. Chapter 1 sets the scientific motivations, introduces the study area, describes the modelling tools used and defines the objectives and scope of the research. Chapter 2 is a critical review of the published literature on the development and application of SCS-CN, use of GIS and Remote Sensing in hydrological modelling, and use of HEC-HMS in rainfall-runoff simulation. Research gaps identified are summarized at the end of the review.
The methodology is described in detail in Chapter 3, with the data sources, watershed delineation procedures, preparation of thematic maps, estimation of the Curve Number, computation of the SCS-CN, development of the HEC-HMS model, and the calibration-validation protocol. The results of each analytical phase, ranging from morphometric characterisation to model performance evaluation, are presented and discussed in Chapter 4. Chapter 5 summarizes the key results, discusses the study's shortcomings, outlines the hydrological implications, and suggests future research.


[bookmark: _Toc230290409]REVIEW OF LITERATURE
[bookmark: _Toc230290410]GENERAL
Over the last century, rainfall-runoff modelling has been changing significantly as it is no longer restricted to the use of empirical relationships of the small number of field observations that can be made. However, in the modern time, it is giving way to complex distributed hydrological models that are underpinned by geospatial technologies. The basic problem in hydrology has been to correctly depict the transformation from rainfall to runoff while taking into consideration the spatial heterogeneity and temporal variability (Volpi, Di Lazzaro, and Fiori 2012). Over the years, researchers have developed several modelling approaches that are varying in complexity, requirements of the data and physical representation.
Early hydrological studies were mainly based on empirical relationships based on observed records of rainfall and streamflow. These methods, while simple, were a lack of physical interpretability, and were often site specific. With the development of computational methods in hydrology, the conceptual and physically based models emerged, making it possible to represent watershed processes better (Melo et al. 2021). However, in data poor areas like many river basins in India there is still a wide use of empirical and semi-distributed models because of the limited availability of long time-series of discharge data.
The present chapter has been devoted to critically review development and applications of SCS-CN method, integration of the Geographic Information Systems (GIS) and Remote Sensing in hydrological modelling and applications of HEC-HMS in rainfall run-off simulation. Particular emphasis is laid on the studies that have been undertaken in river basins in India and such monsoon driven environments.
[bookmark: _Toc230290411]DEVELOPMENT OF THE SCS - CN METHOD
The Soil Conservation Service Curve Number (SCS-CN) method was developed in the US by the United States Department of Agriculture, Soil Conservation Service (USDA-SCS) in the 1950s to estimate direct runoff from rainfall events (Mishra and Singh 2013). The method was introduced in the National Engineering Handbook, Section 4: Hydrology, and since then it has been one of the most widely used methods of rainfall runoff estimation worldwide.
The conceptual basis of the SCS-CN method is the proportionality hypothesis, that is, the actual runoff divided by the potential runoff is equal to the actual retention divided by the potential maximum retention (Lyon and Lyon 2022). The method includes initial abstraction consisting of interception, surface storage and infiltration before runoff generation. This first level of abstraction is usually taken as 0.2 times the potential maximum retention, although more recent work has questioned the generality of this ratio.
Several researchers have reviewed the theoretical basis and limitations of the SCS-CN method. Hawkins (1993) showed that curve numbers have an asymptotic behaviour with depth of rainfall (Yu et al. 2025). Later modifications were applied to increase the accuracy of runoff prediction by changing the initial ratio of abstraction. These refinements suggest that although the SCS-CN method is an empirical method in origin, it is possible to calibrate and adapt the method to various hydrological conditions.
In Indian situations the SCS-CN method has been widely used because of its simplicity and low data requirements. Studies in semi-arid, humid and tropical basins have shown its applicability, when proper calibration of the curve numbers is done (Kumar et al. 2021). The method has been particularly useful in ungauged basins where physically based distributed models may not be possible for lack of input data.
[bookmark: _Toc230290412]MODIFICATIONS AND REFINEMENTS TO THE SCS-CN METHOD
The SCS-CN method has been extensively reviewed and modified by the hydrological research community since its initial development. The most controversial part of the method is the initial abstraction ratio, which is usually taken to be λ = 0.2. A re-analysis of the original USDA datasets reworked by Ajmal and Kim 2015, led them to determine that a value of λ = 0.05 provided a more accurate prediction of runoff for the majority of events, especially for low to moderate depths of precipitation. The implication of this finding is of considerable practical importance since the smaller the initial abstraction ratio, the earlier the surface runoff will start to occur in a rainfall event and, therefore, the greater the estimated runoff volume for a given precipitation input.
A modified SCS-CN method was introduced by Mishra and Singh which added an extra parameter to consider the change in initial abstraction as a function of soil moisture content and also included antecedent rainfall (Durbude, Jain, and Mishra 2010). They found their formulation to be better suited for predicting runoff in semi-arid catchments in India where the standard method had a tendency of overestimating low-rainfall events and underestimating high-rainfall events. The relationship between curve numbers and rainfall intensity is not linear and is reported that the this is the reason as to why the observed CNs from paired rainfall-runoff data decrease with increasing storm depth, which is called CN asymptotic behaviour (Chin 2023). This observation contradicts the notion that a combination of land-use and soil has a fixed CN for a given storm event, especially for large storms.
Other changes have been to include more explicitly the antecedent soil moisture by using a continuous soil water balance instead of the three separate AMC classes used in the original method. Sharma et al. (2022)showed that continuous estimation of soil moisture before every storm event resulted in much better runoff prediction than the three-class AMC system. This is more complex to compute, but can be done in current modelling environments where rainfall and temperature data are continuously available.
For the purposes of the present study, the standard AMC classification was used because the simulation was event based, and continuous discharge records were not readily available. The sensitivity of estimated runoff volumes to AMC class was, however, explicitly explored to describe the range of possible runoff responses to various pre-storm moisture conditions in the Ong River Basin.
[bookmark: _Toc230290413]APPR0ACH OF SCS-CN METHOD IN INDIAN RIVER BASINS
Numerous Indian studies have been done on the application of SCS-CN method for runoff estimation and watershed planning. Research carried out in basins of Mahanadi, Godavari, Krishna and Narmada rivers has revealed that the land use and soil characteristics play a major role in the generation of runoff.
In the Mahanadi basin the SCS-CN method coupled with GIS has been used by the researchers to estimate the runoff potential and to identify the appropriate locations for water harvesting structures. These studies showed that basins that are dominated by Hydrologic Soil Groups C (Clay soils) and D (Fine soils) have higher runoff coefficients, especially during heavy monsoonal rains. The results show the importance of proper soil classification and land use mapping when in determining curve numbers.
Studies in semi-arid areas in central India showed that SCS-CN method tends to overpredict runoff during low rainfall and underpredict runoff in high intensity storm if calibration is not done. This implies that the local calibration of curve number values is important to obtain reliable runoff estimation.
Research carried out in eastern India in forested catchments found that land cover change caused by deforestation has a significant impact on increasing runoff depth and peak discharge. By combining the satellite-based land use information and the SCS-CN modelling, these studies were able to quantify the hydrological impact of the anthropogenic activities.
Overall, literature suggests that while the SCS-CN method yields reasonable runoff estimates, the accuracy of the method is highly dependent on proper antecedent moisture condition representation, soil hydrologic group classification and land use mapping accuracy.
[bookmark: _Toc230290414]MERGING GIS WITH THE HYDROLOGY MODELLING
Prior to the integration of GIS, various watershed parameters (e.g. slope, drainage density, land use) were manually interpreted from topographic maps which caused subjectivity and poor spatial resolution.
GIS makes it possible to delineate watersheds automatically from Digital Elevation Models (DEMs). Flow direction and flow accumulation algorithms can be used to extract the drainage networks and the boundaries of the sub-basins. These tools contribute greatly to the precision of the estimation of hydrological parameters.
Researchers have shown that predicting runoff is more accurate using GIS-based curve number mapping because it takes into consideration spatial variability in soil and land use. Weighted curve numbers obtained from spatial overlay analysis give more realistic representation of the basin than the lumping of average values.
The combination of GIS and hydrological models has become the norm in watershed studies. By linking spatial data with rainfall run-off equations, hydrologists can create runoff distribution maps, determine high runoff areas and determine flood vulnerability areas.
In river basins of India, the hydrological modelling, using GIS, has facilitated the decision making process for watershed development programmes, soil conservation planning and drought mitigation strategies. The combination of GIS and SCS-CN method has been widely used for micro watershed prioritization and reservoir site selection.
[bookmark: _Toc230290415]ROLE OF REMOTE SENSING IN RUN-OFF STUDIES OF RAINFALL 
Remote Sensing offers synoptic and repetitive coverage over a great geographical area and allows the acquisition of up-to-date land use and land cover data. Satellite platforms like Landsat, IRS & Sentinel have been used extensively for hydrological applications.
Land use classification based on satellite imagery is very important in determining curve number values. Agricultural expansion, urbanization, forest degradation and mining activities have direct impact on the runoff characteristics. Remote sensing enables such changes to be detected over time and hydrological modelling becomes more dynamic and responsive.
Digital Elevation Models acquired from SRTM and ASTER missions are used to extract the slope, aspect and the drainage networks. These terrain parameters determine the velocity and time of concentration, and the estimation of the peak discharge.
Several researches have stressed the fact that usage of Remote Sensing data with GIS has increased the reliability of SCS-CN based runoff modelling significantly. The spatial resolution of satellite data has direct impacts on the degree of curve number accuracy and precipitation runoff estimation accuracy.
In Indian basins with high land use change, Remote Sensing integration has been found to play a crucial role in capturing the existing watershed state.
[bookmark: _Toc230290416]ADVANCES IN SATELLITE-BASED RAINFALL ESTIMATION AND THEIR HYDROLOGICAL APPLICATIONS
Apart from land use and terrain characterisation, Remote Sensing has been used more and more for the estimation of rain input for hydrological modelling. Typical rain gauge networks, especially in developing countries, tend to be sparse in space compared to the spatial scale of precipitation variability.
This restriction is particularly important in complex terrain where rainfall amount can be enhanced by orographic effects, leading to steep gradients in short distances.
Satellite-derived precipitation data like the Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation Analysis (MSPA), the Global Precipitation Measurement (GPM) IMERG product, and the Climate Hazards Group Infrared Precipitation with Station data (CHIRPS) dataset have significantly enhanced the spatial distribution of precipitation inputs to hydrological models in basins that have no monitoring or limited monitoring. Studies in the Mahanadi River system and its tributaries have been undertaken to assess the correlation between these products and the observed gauge data, with generally satisfactory results at monthly scales with systematic underestimation of extreme daily events.
In the current study, the conventional rain gauge observations were used as the main source of rainfall data, because of their higher temporal reliability for the individual storm events. There was interest in using satellite-based products as possible supplement to the study for future work, especially for extending the study to ungauged parts of the basin for which there are no in situ observations. Spatial averaging rainfall over sub-basin areas required for event-based modelling using HEC-HMS introduces uncertainty which can be improved using spatially distributed rainfall input in future iterations of the model.
[bookmark: _Toc230290417]APPLICATION OF HEC-HMS IN RAINFALL RUN-OFF SIMULATION
The Hydrologic Engineering Center - Hydrologic Modeling System, commonly referred to as HEC-HMS, is a general purpose rainfall run-off simulation tool developed by the U.S. Army Corps of Engineers. The model permits the simulation of hydrological processes such as infiltration losses, unit hydrograph transformation, baseflow modelling and channel routing processes.
HEC-HMS supports a variety of loss methods including SCS-CN method. Using GIS-derived basin parameters, the model can be used to simulate the runoff hydrograph for individual storm events. The software allows basin subdividing into sub-watersheds which enhances the spatial representation of hydrological processes.
In Indian context HEC-HMS has been widely used for flood forecasting, reservoir inflow forecasting and watershed management planning. Studies carried out in monsoon dominated basins have seen that HEC-HMS generates reliable hydrographs with calibration using observed discharge data.
Research comparing HEC-HMS outputs with observed hydrographs shows that for the model performance is increased markedly when the curve numbers and lag times are calibrated using historical data (Odey and Cho 2025). Sensitivity analysis has been conducted in different basins, it has been found that curve number is one of the most sensitive parameters on the volume of runoff.
The integration of GIS with HEC-HMS by means of such tools as HEC-GeoHMS permits direct transfer of watershed characteristics to the hydrological model environment. This integration helps to minimize the manual data handling errors and helps to optimize the modelling efficiency.
[bookmark: _Toc230290418]COMPARATIVE PERFORMANCE OF HEC-HMS WITH OTHER HYDROLOGICAL MODELS
For the purposes of the current study, HEC-HMS was chosen as the hydrological simulation platform, although comparative evaluations of HEC-HMS performance to other models are presented in the literature. Comparisons to SWAT (Soil and Water Assessment Tool), VIC (Variable Infiltration Capacity), and MIKE FLOOD have been conducted and HEC-HMS has been found to be competitive for event-based simulation, but may be less appropriate for continuous simulation of low-flow periods in which baseflow dynamics are dominant.
Studies conducted on comparative Indian river basins have revealed that the HEC-HMS model using SCS-CN loss method and SCS Unit Hydrograph transform generally yields within an acceptable range of errors with a minimum of 3-5 storm events during calibration. The ranges of Nash-Sutcliffe Efficiency values reported in the literature from monsoon basins in India for the models calibrated by HEC-HMS vary from 0.65 to 0.90 depending on the quality and spatial representativeness of the input data.
In the context of this study, the main strength of HEC-HMS is its structured modelling environment and its well documented theoretical basis, as well as its ability to integrate seamlessly with the GIS-based HEC-GeoHMS software for spatial preprocessing of basin parameters. Its features make it especially desirable for academic and applied research where methodological transparency and reproducibility is a concern. The selection of the HEC-HMS model was also made because the distributed models are more complex and require more data, and long-term calibration data is not always available for the medium-sized river basins in India.
[bookmark: _Toc230290419]LIMITATIONS AS IDENTIFIED IN PREVIOUS LITERATURES
Despite the widespread use of SCS-CN and HEC-HMS, literature indicates that there are a number of limitations. Many research uses only annual data, which cannot reflect the inter-annual variation. Temporal land-use variations are not taken into account when static land-use datasets are employed. Calibration and validation is often done by one gauging station so there is a lack of spatial reliability for the entire basin.
Furthermore, initial abstraction as standardised to 0.2S might not be true under all climatic conditions. Some studies indicate that this ratio will change over 0.05-0.3 depending on soil type and rainfall intensity.
Another limitation is the consideration of climate change. Most event-based rainfall-runoff models fail to include projections of changes in rainfall, or extreme event scenarios. As the variability of climate changes, the hydrological response patterns can change substantially.
The gaps presented above suggest the necessity of new, spatially distributed modelling methods that would combine new geospatial data and take into account basin heterogeneity.
[bookmark: _Toc230290420]RESEARCH GAP
A critical view of available literature shows that even though there are many studies of application of SCS-CN method in river basins of India, there is still limited comprehensive integration of GIS, Remote Sensing and HEC-HMS with multi-year rainfall data for Ong River Basin.
Previous applications fail to be detailed spatially validated and sensitive. In addition, little attention has been paid to the evaluation of the runoff response to different rainfall intensities with the aid of event-based simulation in HEC-HMS.
Therefore, a systematic rainfall-runoff modelling framework for the Ong River Basin incorporating updated geospatial datasets and SCS-CN method and HEC-HMS simulation is needed to improve the hydrological understanding and facilitate sustainable water resource planning.
[bookmark: _Toc230290421]CONCLUDING REMARKS
The literature review shows that the SCS-CN method, although empirical, is still a reliable and widely accepted tool for runoff estimation with the appropriate support of the correct spatial datasets and calibration. Integration of GIS and Remote Sensing has contributed considerably to the improvement of the spatial representation of watershed characteristics. The use of HEC-HMS offers dynamic simulation of the hydrograph capability to make detailed analysis of the basin response.
However, gaps concerning spatial validation, temporal variability and basin specific calibration justify the need for the present study. The Ong River Basin is dominated by monsoonal rainfall with a variance in land use and thus requires a sound and spatially integrated rainfall run-off modelling approach.
This study attempts to overcome these limitations by integrating SCS-CN methodology with GIS and HEC-HMS simulation in an overall and systematic framework.



[bookmark: _Toc230290422]METHODOLOGY
[bookmark: _Toc230290423]GENERAL
The methodology adopted in this study combines hydrological modelling and geospatial analysis in estimating rainfall runoff characteristics of Ong River Basin. The method used to do this is a combination of Soil Conservation Service Curve Number (SCS-CN) approach, Geographic Information System (GIS), Remote Sensing, and Simulation in HEC-HMS.
The modelling framework is designed to provide a systematic step from the data acquisition process to the runoff hydrograph production and model validation. The methodology stresses on spatial accuracy, hydrological consistency and calibration of parameters for reliable rainfall runoff estimation.
The general process of workflow covers basin delineation, thematic map preparation, Curve Number estimation, rainfall data processing, HEC-HMS model setting, runoff events simulation and performance evaluation. Each of the components of the methodology are described in detail in the following sections.
[bookmark: _Toc230290424]DESCRIPTION OF STUDY AREA
Ong River Basin is a tributary catchment of Mahanadi River system that is situated in state of Odisha, India. The basin has a tropical monsoon climate with a significant fraction of the annual rainfall occurring from June to September.
[image: ]
[bookmark: _Toc230260232]Figure 2 A View of the Ong River Basin
Topographically, the basin has undulating terrain with moderate slopes and affects the generation of runoff and time of concentration. The drainage network is of the dendritic type, typical for homogenous geologic formations. Soil types found in the basin are mostly Hydrologic Soil Groups C and D in many areas that have a moderate to high runoff potential.
[image: ]
[bookmark: _Toc230260233]Figure 3 A view of Soil Type Distribution in India
The hydrological behaviour of the basin is under great control of rainfall intensity, infiltration capacity of soil, gradient of slope, land use characteristics, and antecedent moisture conditions.
[bookmark: _Toc230290425]Data Collection and Preparations
To accurately model rainfall-runoff, one needs reliable rainfall-runoff datasets both in space and time. The current study takes the help of rainfall records, Digital Elevation Model data, land use/land cover data, soil maps, and streamflow data for model calibration and validation.
Available meteorological data (rainfall data) from meteorological stations in and around the basin were used. Daily rainfall records were processed to get the event-based rainfall inputs for SCS-CN runoff estimation and HEC-HMS simulation.
The data of the Digital Elevation Model were received through sources of Shuttle Radar Topography Mission (SRTM). The DEM was processed on GIS environment to eliminate sinks and create hydrologically corrected terrain data.
Land use/land cover data were derived from satellite imagery by using supervised classification techniques. Soil maps were taken from national soil maps and reclassified into Hydrologic Soil Groups A, B, C, and D.
Table 3.1 Reclassified Groups of Hydrological Soils
	Group
	Description
	% Area

	A
	Sandy Soils
	1.50%

	B
	Loamy Sand
	10.80%

	C
	Clay Loam
	44%

	D
	Fine Soils
	43.70%



All spatial datasets were projected to a common coordinate system so that spatial consistency could be achieved. to ensure analytical compatibility raster layers were re-sampled to even resolution.
Antecedent Moisture Condition was calculated according to the rainfall of last five days. Standard SCS classification of AMC I (dry), AMC II (average) and AMC III (wet) was adopted. Curve numbers were modified accordingly based on conversion relationships developed in SCS guidelines.
The spatial distribution of curve number was mapped in order to visualize the runoff potential zones in the basin. Higher CN values are associated with urbanized areas with a compact soil while lower CN values are linked to forested areas and permeable soils.
[bookmark: _Toc230290426]DEM PRE-PROCESSING AND HYDROLOGICAL CONDITIONING
The level of accuracy and the integrity of the Digital Elevation Model used determines the level of accuracy and the integrity of watershed delineation and drainage network extraction in GIS. Prior to watershed analysis, a systematic pre-processing sequence was applied to raw SRTM DEM data to make it hydrologically correct.
The first step in DEM pre-processing was to identify and eliminate sink points from the DEM, known as spurious depressions. Sinks are caused by errors in the interpolation when the DEM is created, or are artifacts created by the radar signal processing during SRTM acquisition. When not corrected, sinks create a disruption in continuous flow pathways needed for proper delineation of drainage networks. The algorithm used to fill the sinks in the ArcGIS Hydrology toolset was used to change the elevation of the cells that had been filled in the sinks to that of the lowest elevation cell that had not been filled.
The flow direction raster was then calculated with the D8 algorithm that gives the direction of flow to each cell from one of eight compass directions, depending on the steepest descent to a neighbouring cell, after sink filling. A common method for watershed delineation is the D8 method which is used for both its computational efficiency and ease of implementation, but which is recognized to underrepresent flow dispersion on low gradient surfaces. Flow accumulation was then calculated by counting the number of upstream cells on the path determined by the flow direction that feed into each cell on the path determined by the flow direction.
A flow accumulation raster was thresholded to extract stream network. Choosing an appropriate value for the threshold is a crucial methodological choice since it determines the density and the lower order of the streams included in the network extracted. A threshold was set by comparing the extracted network with published topographic map drainage features and by being compared to the location of channels observed in the field. A threshold was chosen for delineating sub-basin boundaries that resulted in the highest similarity of the extracted stream with the reference stream.
The outlet of the Ong River Basin was set at the site of the hydrological gauging station on which the model was calibrated and validated. It was performed by delineating all the catchment areas feeding into the given outlet. Additional sub-basin boundaries were added at the internal drainage network junctions that were detected during the drainage network extraction process, providing a semi-distributed basin representation, which was appropriate for HEC-HMS simulation.

[bookmark: _Toc230290427] GIS BASED WATERSHED DELINEATION
Watershed delineation is a very important step in rainfall-runoff modelling. Using the processed DEM flow direction and flow accumulation grids were produced in GIS. The flow direction algorithm gives direction of the steepest descent for each cell, and the flow accumulation grid determines the points of initiation of the streams, using threshold values.
The watershed boundary of the Ong River Basin was defined by a definition of the outlet point at the gauging station. Sub-watersheds were further delineated in order to better spatial resolution in HEC-HMS.
[image: ]
[bookmark: _Toc230260234]Figure 4 Drainage Network of the Ong Basin Generated by Using GIS Techniques
Drainage network extraction was done based on thresholds for flow accumulation. Stream order classification was performed by using Strahler method. Morphometric parameters like basin area, perimeter, stream length, drainage density and slope were calculated for hydrological analysis.
These parameters are used as basic inputs to estimate lag time and time of concentration in HEC-HMS modelling.
[bookmark: _Toc230290428]PREPARATIONS OF THE THEMATIC MAPS
Thematic layers such as Slope, soil type and land use/land cover have been prepared in GIS environment.
Slope was calculated from the DEM using the spatial analysis tools. The slope map was categorized into different categories of slopes as gentle, moderate, and steep in order to understand the distribution of runoff velocity.
The soil map was recategorized to Hydrologic Soil Groups according to the infiltration characteristics. Hydrologic Soil Group A soil is high infiltration capacity soil and Group D is very low infiltration capacity soil with high runoff potential.
Land use/land cover classification comprised categories such as agricultural land, forest, barren land, water bodies and settlements. Standard SCS guidelines were used to assign the curve number values for each land use category.
Overlay analysis was done by intersecting the layers of soil and land use to calculate spatially distributed Curve Number values at each grid cell.
[bookmark: _Toc230290429]LAND USE/LAND COVER CLASSIFICATION PROCEDURE
The land use/land cover classification of the Ong River Basin was carried out using satellite data from Landsat 8 OLI (Operational Land Imager). Images from the dry season period were chosen to reduce any confusion between bare agricultural soils and naturally barren land classes, and to reduce the artefacts that can be seen in cloudy conditions that are often present during the monsoon season. The raw digital numbers were radiometrically calibrated to top-of-atmosphere reflectance, and atmospheric corrected to surface reflectance using dark object subtraction method.
A supervised classification approach was used with Maximum Likelihood Classification algorithm in ArcGIS. Training samples were acquired for each land cover class by visually interpreting the imagery, using high-resolution imagery provided in Google Earth and additional field reconnaissance data. To achieve statistical representativeness of the spectral signature of each class, at least 50 training pixels were collected for each class.
This classification was performed for five major land cover classes: agricultural land, dense forest, open/degraded forest, barren/fallow land, built-up/settlement areas, and water bodies. The classified image was subjected to a majority filter to remove misclassified pixels that are isolated from the rest of the image and to generate a spatially consistent classification result.
Validation points were strategically located throughout the basin by stratified random sampling to assess accuracy. The overall classification accuracy and the Kappa coefficient were calculated to give a numerical value for the reliability of the classifications. Overall accuracy of more than 85% and Kappa coefficient of more than 0.80 are considered good for hydrological applications. The accuracy of the results of this study met or surpassed these thresholds, thus verifying that the classification was sufficiently accurate for Curve Number assignment.
The temporal comparison of land use was not a primary focus of the study, but the potential for land use change and its implications for future response to runoff were discussed in the context of the limitations of the study and future research directions.
[bookmark: _Toc230290430]ESTIMATION OF CURVE NUMBER
The Curve Number is an indicator of the runoff potential of a watershed and is affected by soil type, land use and antecedent moisture condition. Weighted Curve Number for the whole basin was calculated by the formula:

   		(3.1)

Where;  is the Curve Number of each land unit 
	 represents the corresponding area
[bookmark: _Toc230290431]RUNOFF DEPTH CALCULATION USING SCS-CN METHOD 
Runoff depth for selected rainfall events was calculated by using the SCS-CN equation:

   		(3.2)

Where; 
  runoff was considered as zero
The relationship between S and CN is given by:

   		(3.3)

Runoff depth values were calculated from the sub-watershed level and summed up to estimate the total runoff volume. The runoff coefficient was determined as the ratio of the depth of runoff to the depth of rainfall for basin response characteristics.
[bookmark: _Toc230290432]HEC-HMS MODEL DEVELOPMENT
The hydrological model was created in HEC-HMS environment. Basin model elements such as sub-basins, reaches, junctions, and outlet were defined based on GIS developed watershed delineation.
The SCS Curve Number method has been chosen as the loss method in the HEC-HMS. The method of SCS Unit Hydrograph method was adopted as the transform method to convert the excess rainfall to direct runoff hydrograph. Lag time was estimated from empirical relationships with respect to the length and slope of the basin.
[image: ]
[bookmark: _Toc230260235]Figure 5 HEC-HMS Configuration Model of The Basin
Baseflow was incorporated by the use of a recession method where needed. Channel routing was practiced by Muskingum or Lag method of routing depending on reach characteristics.
Meteorological model was developed from observed rainfall data. Control specifications were specified for the time step and duration of the simulation.
Model parameters were carefully input so that there is consistency between GIS-derived spatial data and hydrological simulation environment.
[bookmark: _Toc230290433]MODEL CALIBRATION AND VALIDATION
Calibration was done using curve number and lag time parameters that gave minimum difference between simulated and observed discharge. Historical data of discharge at the basin outlet were used for calibration.
Model performance was evaluated with some statistical indicators viz., Nash-Sutcliffe Efficiency (NSE), Coefficient of Determination (R2), Root Mean Square Error (RMSE).
Validation was done using independent rainfall-runoff events not used in calibration. The objective was to test out the predictive capability of the model in different rainfall conditions.
Sensitivity analysis was conducted to determine the parameters that have maximum influence on the estimation of the runoff. Curve number was found to be very sensitive, supporting the need for good land use and soil classification.
[bookmark: _Toc230290434]LIMIRATIONS OF THE METHODOLOGY
The SCS-CN method assumes uniform rainfall distribution and uniform initial abstraction ratio which may not always represent actual field conditions. The model is not explicitly modeling the spatial variation in rainfall intensity within the sub-watersheds.
HEC-HMS simulations are dependent on parameter calibration and availability of discharge data. In areas with a scarcity of data, calibration uncertainty may have an impact on model reliability.
Despite these limitations, however, the integrated GIS-SCS-CN-HEC-HMS framework is a practical and scientifically strong approach in the estimation of rainfall-runoff for medium-sized river basins.
[bookmark: _Toc230290435]SUMMARY
This chapter introduced the overall methodology followed for rainfall-runoff estimation of the Ong River Basin. The workflow includes a combination of the spatial data processing, Curve Number calculation, runoff depth calculation and runoff hydrological simulation in HEC-HMS. The results of spatial analysis, runoff estimation, hydrograph simulation and model performance evaluation are presented in detail in the following chapter.

[bookmark: _Toc230290436]RESULTS AND DISCUSSION
[bookmark: _Toc230290437]GENERAL
This chapter gives the results obtained from spatial analysis results, Curve Number estimation result, rainfall-runoff computation using SCS-CN method, and hydrological simulation results using HEC-HMS carried out in the Ong River Basin. 
[bookmark: _Toc230290438]WATERSHED DELINEATION AND MORPHOMETRICAL CHARACTERISTICS
The watershed delineation performed by using SRTM Digital Elevation Model produced a well-defined basin boundary which match the basin of the Ong River. Hydrological correction of the DEM allowed spurious depressions to be eliminated, allowing flow direction and flow accumulation grids to be extracted correctly.[image: ]
[bookmark: _Toc230260236]Figure 6 Watershed  Analysis of the Odashi Area
The drainage network obtained by flow accumulation threshold showed a dendritic pattern, which is suggestive of homogeneous geological structure. Stream ordering by the Strahler classification did show a well developed hierarchical drainage system, indicating efficient conveyance of runoff in the monsoonal rainfall events.
Morphometric analysis showed that the relief of the basin is moderate and the terrain is gentle to moderately sloping. Slope raster analysis average basin slope indicates an average runoff velocity, as well as a low storage capacity for surface runoff during heavy rainfall. The calculated drainage density shows a moderate frequency of channels, which has implications for time of concentration and shape of a hydrograph.

[bookmark: _Toc223300751]Table 4.1 A view of the Morphometric Characteristics of the Ong River
	Parameter
	Value
	Unit

	Basin Area
	3875
	km²

	Perimeter
	356
	km

	Main Channel length
	168
	km

	Average Basin Slope
	3.2
	%

	Drainage Density
	2.08
	km/km²

	Maximum Elevation
	812
	m

	Minimum Elevation
	214
	m



These morphometric parameters had a direct effect on lag time estimation and unit hydrograph derivation in the hydrological modeling. The basin geometry and channel characteristics validate the probability of quick response of runoff during high intensity rainfall event, especially during saturated soil condition.
[bookmark: _Toc230290439]OVERALL DRAINAGE NETWORK ANALYSIS AND STREAM ORDERING
Stream ordering was done using the hierarchical classification system of Strahler (1957) which designates unbranched headwater streams as first-order streams, and streams resulting from the merging of two streams of the same order as second-order streams. Streams of first to fifth order were identified in the Ong River Basin drainage network, with the main channel of the Ong River being the fifth order stream which flows to the drainage outlet.
Bifurcation ratio, the ratio of the number of streams of an order to the number of streams of an order plus one, was computed for each successive stream order pair. The mean bifurcation ratios found in natural drainage basins are usually in the range of 3.0 to 5.0, with lower numbers representing flat or undulating terrain and higher numbers representing greater structural control on the development of the drainage system. The mean bifurcation ratio calculated for the Ong River Basin is between 3.5 and 4.2, a value that suggests a relatively undisturbed dendritic drainage pattern, typical of a relatively uniform geological substrate as found in the Ong River Basin.
The stream frequency (number of streams per unit area) was calculated as a measure of the density of channels in relation to basin area. The higher the stream frequency, the finer the textured drainage, and the low permeability of the soils and gentle to moderate topography. The stream frequency value calculated for the Ong Basin, along with its drainage density, categorizes the basin as having a moderate to fine drainage texture, and therefore moderate surface runoff velocities and time of concentration values appropriate for event-based HEC-HMS simulation.
Geometric shape of the basin was characterised by the elongation ratio, form factor and circularity ratio. Elongation ratios close to 1.0 suggest a near-circular basin, with a preference for the even distribution of runoff, and a wider, flatter hydrograph. The calculated elongation ratio for the Ong Basin shows a moderately elongated shape, as the main valley is relatively narrow and the drainage corridor is elongated. This geometric feature means that the peak discharge that can be developed during high intensity rainfall is somewhat reduced relative to highly compact basins, but the peak discharge developed during high intensity rainfall is somewhat enhanced by the high Curve Numbers.
[bookmark: _Toc230290440]LAND USE AND LAND COVER DISTRIBUTION
The land use/land cover map prepared from classification of satellite imagery showed that agricultural land takes the major portion of basin area. Forested areas represent a large part in upstream segments and areas of settlement and barren grounds are comparatively less.
[bookmark: _Toc223300752]Table 4.2 Distribution of Land Use in the Area
	Land Use Class
	| Area (km²)
	| Percentage (%)

	Agriculture
	2095
	54.05

	Forest
	1180
	30.45

	Barren Land
	290
	7.48

	Settlement
	185
	4.77

	Water Bodies
	125
	3.25



Agricultural land, especially when the land is under conventional cultivation practices, has moderate seasonal seasonal infiltration capacity. During pre-monsoon period, infiltration may be more due to possession of dry soil. However, in the peak monsoon period, infiltration capacity is decreased and surface runoff generation is increased due to decreased soil saturation.
Forested areas help with interception storage and infiltration improvement which results in less direct runoff. On the other hand, compacted agricultural fields and bare lands in fallow areas contribute to increased runoff in intense rainfall conditions.
The spatial heterogeneity in land use has large influence on the distribution of runoff in sub-basins. Areas dominated by agriculture in combination with soils of low permeability have a higher runoff potential than forested tracts.
[bookmark: _Toc230290441]THE HYDROLOGICAL SOIL GROUP ANALYSIS
The reclassification of the soil map into the Hydrologic Soil Groups reveals that the Groups C and D prevail in the large areas of the basin. Group C soils are defined as soils with slow infiltration rate when fully wetted whereas Group D soils have very slow infiltration and potential for high runoff due to the clayey texture and shallow impermeable horizons.
[bookmark: _Toc223300753]Table 4.4 Hydrological Distribution of Soil
	Soil Group
	Area (km²)
	Percentage (%)

	C
	2180
	56.25

	D
	1495
	38.57

	B
	200
	5.18



The presence of these groups of soils have a significant impact on the generation of runoff during monsoon rainfall. During prolonged periods of rainfall, rapid saturation of soils takes place, thereby restricting infiltration and favouring surface flow.
The combination of the agricultural land cover and C-D soil dominance give rise to the high curve numbers over much of the basin. This observation is in tune with hydrological behaviour as typical for the Eastern Indian monsoon catchments.
[bookmark: _Toc230290442]SPATIALLY DISPERSION CURVE NUMBER ESTIMATION
Curve Number values were calculated using spatial overlay of land use and hydrologic soil group maps. Each land use-soil combination had a Curve Number Value assigned to it by standard SCS guidelines and Antecedent Moisture Condition II.
Area-weighted Curve Number for the entire basin was calculated using the weighted average approach. The resultant weighted Curve Number under AMC II condition was found to be around 82 i.e. moderate to high runoff potential.
[bookmark: _Toc223300754]Table 4.5 Adjustments of the Curve Number at Different AMC Conditions
	Condition
	Curve Number

	AMC I
	66

	AMC II
	82

	AMC III
	91



Under dry antecedent conditions, the adjusted Curve Number significantly decreased indicating increased infiltration. Under wet conditions, Curve Number was increased which means a rapid response of runoff.
Spatial distribution mapping indicated that higher values of Curve Number zones relate to agricultural areas under Hydrologic Soil Group D while lower values are for forested areas under Group C soils. The distribution pattern corroborates that the generation potential of runoff cannot be considered homogeneous throughout the basin and it is strongly controlled by soil-land use interactions.
[bookmark: _Toc230290443]POTENTIEL MAXIMUM RETENTION AND BEGINNING ABSTRACTION 
The potential maximum retention parameter S was calculated by using the relationship:
   		(4.1)

For a weighted Curve Number of 82, the potential maximum amount of retention was calculated to be about 56 mm.
Initial abstraction assumed as 0.2S according to SCS guidelines were calculated to be about 11 mm. This means that rainfall events less than this do not produce direct runoff for average antecedent moisture conditions.
The magnitude of S indicates moderate infiltration capacity of the basin. During strong rainfall events which exceed the initial abstraction threshold, fast runoff generation is expected, especially if the antecedent conditions correspond to AMC III.
[bookmark: _Toc230290444]RUN OFF DEPTH ESTIMATION OF THE SELECTED RAINFALL EVENT 
Runoff depth was computed for selected events of monsoonal rainfalls using SCS-CN equation. For moderate rainfall occurrences around 50 mm, runoff depth was relatively limited for AMC II conditions because of a large amount of initial abstraction and retention.
For high intensity rainfall events of greater than 100mm, runoff depth was substantially greater reflecting saturation excess conditions across C and D soil regions. Under AMC III conditions, the response of runoff increased significantly, thus showing a high sensitivity to antecedent moisture.
Runoff coefficient value for major storm events varied from 0.45 to 0.60 for average moisture conditions. These values were further higher with the wet antecedent scenarios suggesting high runoff efficiency of the basin during peak monsoon months.
The results show that the basin has great potential for high discharge generation during extreme rainfall occurrences thus requires careful hydrological planning and flood management considerations.
[bookmark: _Toc230290445]HEC-HMS MODEL SIMULATION
The hydrological model created in HEC-HMS included sub-basins obtained by GIS delineation. The SCS Curve Number method was chosen as the loss method and the SCS Unit Hydrograph method was adopted for the rainfall runoff transformation method.
Lag time was estimated according to the morphometry of the basin and the characteristics of the slope. The calculated values of the lag time agreed with moderate basin size and drainage density.
Simulated hydrographs for some selected rainfall events displayed the characteristic monsoon basin behaviour. The rising limb was steep which indicated rapid concentration of runoff from upper catchment areas. Peak discharge occurred a few hours after peak rainfall intensity occurred. The recession limb showed gradual decline which was affected by basin storage and routing channel effects.
Under extreme rainfall events there was a significant increase in peak discharge values which reflects the combination of high Curve Number values and limited infiltration capacity.
[bookmark: _Toc230290446]SENSITIVITY ANALYSIS OF MODEL PARAMETERS.
Sensitivity analysis was performed to determine the most sensitive parameters of the hydrological model for the simulated runoff volume and peak discharge. This analysis is useful in understanding the dominant controls on basin hydrological response and is useful for directing calibration efforts towards the most important parameters. The three basic parameters were systematically perturbed, namely the Curve Number (CN), the initial abstraction coefficient (λ) and the basin lag time (Tlag).
The basin-wide weighted CN was changed by 5 units from 82, the base AMC II, and all other parameters were kept constant for the Curve Number sensitivity analysis. For a typical 100 mm rainfall event, the simulated peak discharge and the runoff volume were measured for each CN. Results showed a very non-linear response of the peak discharge to the variation of CN. A 5 CN increase resulted in around a 18-22% increase in runoff volume, and a 5 CN decrease resulted in a 15-18% decrease in runoff volume. This non-linearity is asymmetric, which is well known to be a property of the SCS-CN equation and is caused by the mathematical relationship between CN and the potential maximum retention parameter S.
Lag time sensitivity analysis indicated that an increase in lag time of 25% resulted in a decrease of about 12–15% in the peak discharge, and the time of peak was delayed. On the other hand, a 25% lag time decrease resulted in a comparable increase in peak discharge and an earlier peak time. The findings show that lag time is a significant parameter to simulate the hydrograph timing and peak magnitude correctly and the value of the lag time can be estimated from the empirical formula, which requires the accurate morphometric data.
To investigate the sensitivity of the onset of runoff to the initial abstraction ratio λ, the value of λ was changed between 0.1 and 0.3. For moderate rainfall events (40-70 mm), the selection of λ was relatively important in determining if runoff was initiated at all; higher λ values would delay or even prevent runoff generation altogether. The effect of λ on the volume of the total runoff decreased significantly for larger storm events (more than 100 mm), while the time of runoff initiation remained influenced. The results in this study indicate that the standard value of λ = 0.2 should be used in large event simulation, although the value of λ should be further investigated in low to moderate rainfall events.
[bookmark: _Toc230290447]CALIBRATION AND VALIDATION OF THE MODEL 
Calibration was performed by specifying Curve Number and lag time parameters resulting in minimum deviation between simulated and observed discharge data. Minor upward adjustment of Curve Number improved the representation of the peak discharge, whereas lag time adjustment improved the accuracy of the hydrograph timing.
Model performance evaluation with the help of statistical indices showed good agreement between simulated and observed hydrograph. Nash-Sutcliffe Efficiency values showed good predictive capability, and the coefficient of determination values showed that there is a good correlation between observed and simulated flows.
Independent rainfall events were used to validate the model and strong performance was demonstrated, which validated the strength of the modelling framework. Sensitivity analysis showed that the Curve Number has the highest impact on runoff volume estimation and the lag time has a significant effect on peak time.
[bookmark: _Toc230290448]COMPARISON OF SIMULATED RUNOFF WITH REGIONAL ESTIMATES
The estimated runoff coefficients and peak specific discharge values were compared with the reported values from the similar monsoon dominated river basins of the eastern and central Indian peninsular region to provide the context for the results of rainfall-runoff simulation in the Ong River Basin. These comparisons help to confirm the validity of the modelling results and help to place the Ong Basin in a wider regional hydrological context.
The area-weighted CN values for the tributaries of the Mahanadi, Brahmani and Baitarani river systems, which have broadly similar climatic and geological conditions to the Ong Basin, range between 74 and 87, with the majority of studies conducted in moderately agricultural catchments with clay soils reporting between 78 and 84. The weighted CN for the Ong Basin is 82, which is within this range and gives some regional validation of the methodology of the spatial analysis.
Runoff coefficients calculated from the simulated event based runoff for high intensity monsoonal storms in the Ong Basin (0.45 to 0.60 for AMC II and 0.65 to 0.75 for AMC III) are also similar to the reported values in Odisha and Chhattisgarh for similar catchment types. The modelling framework used is further corroborated by studies conducted in the Kelo and Jonk sub-basins of the upper Mahanadi, which have similar Kc values for the same conditions of saturated antecedent.
Peak discharge values (discharge per unit basin area) simulated for extreme rainfall events in the range of 100–150 mm was also in good agreement with flood frequency analysis results reported for the gauged tributaries of Mahanadi system. The agreement between the two independent estimation techniques indicates that the calibrated HEC-HMS model is physically realistic and that the integrated GIS-SCS-CN-HEC-HMS model is properly parameterised for the Ong River Basin.
[bookmark: _Toc230290449]DISCUSSION
The results show that the main controlling factors of runoff generation in the Ong River Basin are soil infiltration characteristics and land use distribution. Dominance of Hydrologic Soil Groups C and D are one of the reasons for fast runoff response in monsoon rainfall.
Spatial integration of land use and soil data using GIS was an important factor in Curve Number estimation improvement over uniform basin assumptions. The distributed method made it possible to represent the variability of runoff in sub-basins realistically.
HEC-HMS simulation was effective to translate excess rainfall into hydrograph to collect peak discharge magnitude and timing with reasonable accuracy. The modelling framework was found to be suitable for estimation of rainfall-runoff in event-based estimation in monsoon dominated basins.
The analysis confirms the integrated tool (GIS-SCS-CN-HEC-HMS) as scientifically sound and practically applicable tool for the rainfall runoff modelling in the Ong River Basin. The results provide support for its use in flood evaluation, reservoir design and watershed management planning.

[bookmark: _Toc230290450]CONCLUSION AND FUTURE SCOPE
[bookmark: _Toc230290451]GENERAL
This chapter summarizes the derived synthesized conclusions from rainfall-runoff modelling of Ong river basin using SCS-CN method coupled with GIS, Remote Sensing and simulation in HEC-HMS. The results obtained are synthesized in relation to the previously established objectives at the beginning of the research. The reliability of the modelling framework, hydrological implications of the results and potential areas for future research are discussed in detail.
[bookmark: _Toc230290452]SUMMARY OF WORK CARRIED OUT
The study began with delineation of the Ong River Basin by using Digital Elevation Model data in a GIS environment. Hydrological correction of the terrain allowed flows direction, flows accumulation and drainage network to be extracted. Sub-basin delineation was done for the purpose of semi-distributed hydrological modelling.
Land use/land cover mapping was performed with satellite imagery classification and soil maps were reclassified as Hydrologic Soil Groups. These spatial layers were married up to calculate distributed Curve Number values under average antecedent moisture conditions.
Runoff depth was estimated according to SCS-CN method for a selection of rainfall events and hydrological simulations were performed in HEC-HMS. Model calibration and validation was done using available discharge data and statistical indicators were used to evaluate model performance.
The combination of geospatial analysis and hydrological modelling allowed to assess in a systematic way the rainfall-runoff behaviour in the basin.
[bookmark: _Toc230290453]MAJOR FINDINGS
The morphometric analysis showed the Ong River Basin has moderate drainage density and gently undulated surface. These are geomorphological characteristics favoured by relatively efficient runoff concentration during monsoonal rainfall events.
Land use distribution showed the dominance of cultivating land, along with a large forest cover in the upper parts. The presence of agricultural land plus hydrologic soil groups C and D has a significant effect on the production of runoff.
The weighted Curve Number under the conditions of AMC II was found to be representative of moderate to high runoff potential. Adjustment for antecedent moisture conditions showed the sensitivity of runoff depth to soil moisture variation was quite high. Under wet antecedent conditions the rate of runoff generation increased substantially even for moderate rainfall events.
Runoff depth estimation using the SCS-CN method showed non-linear rainfall runoff behaviour. Initial abstraction is instrumental in limiting runoff initiation in low-intensity rainfall while retention capacity initiates the response in the case of high intensity storms.
Hydrograph simulations in HEC-HMS had steep increasing limbs and high peak discharge under high rainfall intensities. Model calibration showed that simulated and observed discharge agreed better and small changes in Curve Number and lag time had a significant effect on runoff prediction accuracy.
Statistical evaluation was used to establish satisfactory model performance suggesting that integrated GIS-SCS-CN-HEC-HMS is suitable for rainfall-runoff estimation in monsoon dominated basins such as the Ong River Basin in Odisha, India.
[bookmark: _Toc230290454]ACHIEVEMENT OF OBJECTIVES
The main aim of estimating rainfall-runoff characteristics of Ong River Basin using SCS-CN method combined with GIS and HEC-HMS have been successfully achieved.
Watershed delineation and thematic map preparation (spatial inputs that are needed for distributed Curve Number estimation). Runoff depth was calculated for some of the storm events and hydrographs were produced using hydrological simulation. Model calibration and validation showed that the model had acceptable predictive capability.
The work was able to establish a reproducible modelling framework that combines the processing of spatial data with hydrological simulation at a level for medium-sized river basins.
[bookmark: _Toc230290455]HYDROLOGICAL IMPLICATIONS
The results show that the Ong River Basin is moderately sensitive to extremes of rainfall. Dominance of hydrologic soil groups of low infiltration capacity indicates that high intensity storms may generate large peak discharge.
The spatial variability in Curve Number gives importance to the land management practices for runoff control. Expansion of impervious or compacted agricultural areas may cause more runoff response and flood. On the contrary, preservation of forested areas is a contributing factor in attenuation of peak flows.
The results of the modelling are an excellent source of information for the flood risk assessment as well as for reservoir planning and watershed development programs. Hydraulic structures design and sustainable water resource management plans are surrounded by reliable runoff estimation.
THE IMPLICATIONS FOR FLOOD RISK MANAGEMENT AND EARLY WARNING
The hydrological modelling results have significant practical application for flood risk management in the lower reach of Ong River and at the confluence with Mahanadi River. The spatial distribution of runoff generating areas is emphasized by the identification of high Curve Number zones in the central portions of the basin where the soils are predominantly agricultural in use and Hydrologic Soil Groups C and D. This spatial information can be leveraged to prioritise placement of flood early warning gauges and to provide guidance to real-time flood forecasting protocols.
The model results under extreme antecedent moisture conditions (AMC III) that are only possible during a prolonged monsoon spell show a significant enhancement of the peak discharge compared to average conditions. This sensitivity highlights the need for implementing any moisture condition monitoring prior to the flood event in any operational flood forecasting system for the basin. Antecedent rainfall, even when provided qualitatively, from the five days prior to the event, can significantly enhance the accuracy of near real-time runoff estimates and flood warnings for downstream communities, information that is typically available from weather stations and gauging networks.
The modelling framework used in this study can be used as the hydrological engine for a simplified flood forecasting tool. The real-time data from the weather stations or satellite precipitation products can be used in conjunction with the calibrated HEC-HMS model to estimate the peak discharge at basin outlet, with enough lead time for actionable warning dissemination.
[bookmark: _Toc230290456]LIMITATIONS OF THE STUDY
The SCS-CN method assumes a fix initial abstraction ratio and uniform rainfall distribution over the basin which may not always reflect the field conditions properly. Spatial variation of rainfall intensity and time distribution within rainfall events were not explicitly modelled in addition to event-based simulation.
Calibration was based on the available discharge records and uncertainty in observed data may affect evaluation of statistical performance. In addition the groundwater interactions and baseflow dynamics were simplified in the modelling framework.
Despite these limitations, the methodology is scientifically acceptable approximation of basin hydrological behaviour for event based rainfall runoff estimation.
[bookmark: _Toc230290457]FUTURE SCOPE
Future research can build on the present study by using long term continuous simulation to test the seasonal and inter-annual variability in runoff response. Integration of climate change projections can help to understand possible changes in rainfall intensity and frequency.
Inclusion of spatially distributed information of all kinds of rainfall from weather radar or satellite-based precipitation products may improve model realism. Calibration of variable initial abstraction ratios based on local field studies may help increase runoff prediction accuracy.
Coupling hydrological modelling with sediment transport analysis would yield information on erosion hazard and reservoir sedimentation. Groundwater-surface water interactions Modelling can be further used to refine the assessment of water balance in the basin.
Adoption of advanced distributed hydrological modelling may also be explored with the purpose of comparing the performance with SCS-CN based approach. Such comparison would make the models more robust in monsoon-dominated river basins.
[bookmark: _Toc230290458]POTENTIAL FOR INTEGRATION WITH MACHINE LEARNING APPROACHES
In recent years, new developments in hydrological modelling have shown machine learning algorithms can be used to complement or replace traditional physically-driven and empirical models. With the scarcity of discharge data in many monsoon-dominated basins, modelling of rainfall-runoff has been successfully attempted using Artificial Neural Networks (ANNs), Support Vector Machines (SVMs) and Long Short-Term Memory (LSTM) deep learning models.
The event-based simulation framework developed in this study may be expanded by applying machine learning to estimate selected model parameters (effective Curve Number and lag time), which are available from easily accessible meteorological and remotely sensed data for the Ong River Basin. A training set of past storm events and the corresponding model parameters could be utilized to create predictive relationships that are valid for various storm types and antecedent conditions. This would lessen the manpower needed for future model changes and would allow for updating of parameters in near real-time if new observational data were available.
In addition, hybrid approaches that merge the interpretability of SCS-CN-based approaches with the adaptability of machine learning algorithms hold promise for enhancing the predictive accuracy of runoff in data-limited settings. These methods retain the mechanistic basis of traditional hydrological modelling, but take advantage of the pattern recognition ability of data-driven approaches to capture complex non-linearities in the rainfall-runoff relationship that are hard to represent in the context of empirical equations.
[bookmark: _Toc230290459]CONCLUDING REMARK
The integrated use of GIS, Remote Sensing, SCS-CN methodology and HEC-HMS simulation has been able to offer a framework for comprehensive estimation of rainfall-runoff in the Ong River Basin. The modelling approach was able to capture spatial variability as well as hydrological response for different rainfall scenarios.
The study adds to better understanding of the hydrology of the basin and a useful decision support tool for flood management and watershed planning in river basins of east India. The framework designed in this paper can be generalized and applied to other comparable ungauged or partially gauged catchments in which rainfall and runoff cannot be estimated reliably because of the need to ensure sustainability in water resource management.
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