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Abstract  This study investigates the dominant runoff 

generation mechanisms and flood peak controls in a small 

forested headwater catchment located in the Western Ghats 

of South India – an ecologically sensitive and data-scarce 

mountainous region. Using high‐temporal‐resolution 

rainfall-runoff event analysis, the research reveals that 

streamflow response is primarily governed by subsurface 

flow pathways and saturation‐excess runoff, rather than 

Hortonian overland flow. Short lag times and low runoff 

coefficients across events highlight the significance of 

rapid interflow and shallow groundwater contributions, 

supporting the applicability of the Variable Source Area 

(VSA) concept in explaining hydrologic behaviour. 

Antecedent wetness conditions, quantified through 

antecedent precipitation and the Catchment Storage Index 

(CSI), were identified as stronger predictors of flood peaks 

and saturated area expansion than rainfall intensity or 

amount. The results emphasize the importance of internal 

storage dynamics and threshold responses in stormflow 

generation. The study demonstrates that reliable 

hydrological insights can be derived through event‐based 

correlation analysis even with limited data availability. 

Findings hold important implications for flood forecasting, 

hydrological modelling, and infrastructure planning, and 

highlight the need to explicitly incorporate subsurface 

processes, dynamic contributing areas, and antecedent 

conditions into modelling frameworks for VSA‐dominated 

catchments. 

Keywords  Western Ghats, Source Area Catchment, 

Variable Source Area Hydrology, Antecedent Wetness 

Condition, Flood Peak, Catchment Storage 

1. Introduction

Understanding the hydrologic response of a catchment 

to rainfall is fundamental for elucidating runoff generation 

mechanisms governed by complex, dynamic, and spatially 

variable factors [1]. Rainfall–runoff event analysis 

provides a useful framework to separate the combined 

effects of climate, rainfall characteristics, land use, soil 

properties, topography, geology, and surface–subsurface 

interactions. These factors collectively determine the 

spatial and temporal variability of runoff generation within 

a catchment [2–4]. 
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Two dominant mechanisms-Hortonian overland flow 

and saturation-excess overland flow often govern the 

prevailing runoff processes within a catchment [5]. While 

Hortonian flow occurs when rainfall intensity exceeds the 

soil’s infiltration capacity, saturation-excess overland flow 

is primarily controlled by antecedent moisture conditions 

and the cumulative rainfall amount [6,7]. Identifying the 

dominant mechanism is essential for understanding how 

rainfall is transformed into streamflow, particularly under 

varying landscape and climatic settings. 

Previous studies have extensively explored rainfall–

runoff responses across diverse hydrological environments 

[8–13]. Experimental catchment studies have highlighted 

that pre-event soil moisture conditions can exert a stronger 

influence on runoff generation than rainfall intensity or 

volume alone [14-19]. In particular, studies have shown a 

nonlinear relationship between soil moisture and 

streamflow, with threshold behaviour often marking the 

onset of significant flow [16-18]. However, in catchments 

with highly permeable soils, a more linear relationship 

between pre-event soil moisture and runoff coefficients 

may emerge [20,21]. Another vital characteristic in 

event-based analysis is the time lag between rainfall peak 

and runoff peak, which provides insights into the flow 

pathways and storage mechanisms within the catchment 

[22]. For instance, studies on forested watersheds have 

found that subsurface pipe flow can accelerate the runoff 

response, reducing lag time and amplifying peak flows 

[23]. 

However, the relative importance of different runoff 

generation mechanisms continues to vary with climatic 

zone, catchment scale, and land cover characteristics. 

While numerous modelling and field-based approaches 

have been developed to quantify rainfall–runoff 

relationships, the complexity of hydrological processes and 

their spatial heterogeneity often limit their transferability 

across regions. 

In this study, rainfall-runoff analysis of a second-order 

catchment in Western Ghats region of Karnataka, India, is 

presented, where Variable Source Area (VSA) hydrology 

is known to exist. Unlike regions where rapid surface 

runoff dominates flood peaks, sub-surface flow 

contributions play a central role in streamflow generation 

in the Western Ghats. These catchments often sustain flow 

even after prolonged rainfall, highlighting the significance 

of subsurface pathways. 

While a few modelling studies have incorporated these 

hydrological processes [24], empirical event-based 

investigations supported by high temporal resolution data 

to support the dominant runoff generation mechanism 

remain limited in Western Ghats catchments. Moreover, 

robust methods for estimating design flood peaks in 

VSA-dominated landscapes are still lacking due to 

insufficient understanding of the controlling factors. To 

address these gaps, this study employs a correlation-based 

event analysis to explore runoff generation mechanisms 

and identify the factors influencing flood peaks. Unlike 

most earlier studies that relied on coarse daily datasets 

[25,26], the present analysis utilizes fine-scale temporal 

observations (15 min. interval), enabling a more realistic 

assessment of the rapid hydrological responses, which is 

the characteristic of small, forested headwater catchments. 

This approach offers a practical means of gaining insights 

into hydrological responses in data-scarce environments. 

2. Study Area and Data Collected 

The Western Ghats are a series of hill ranges running 

south to north along the Western Coast of India, almost 

parallel to the coast (Figure 1). They separate the South 

Indian plateau from the coast. The hills in the range rise to 

elevations up to about 3000 m, while the plateau has an 

average elevation of about 1000 m [27]. The Western 

Ghats region is bestowed with very heavy rainfall, 

occurring throughout the South-West monsoon season. 

Further, the whole region is underlain by very old igneous 

rocks, Granite and Gneiss being the most common. A 

combination of such hard rocks and heavy rainfall has 

rendered the region with deep soil mantles, which are host 

to a very rich vegetation cover. The soil thickness in the 

region varies from 3 to 50 meters, significantly influencing 

the region's hydrology [28]. 

Investigations presented in this paper are based on 

hydrometeorological observations from the Heruthihalla 

catchment, a second‐order headwater catchment within the 

Kumaradhara River Basin in the Western Ghats region of 

Karnataka. High‐resolution rainfall and runoff data were 

collected during the monsoon season (hydrological 

processes are active during the monsoon season) of the 

years 2021 and 2022 using an installed Automatic Weather 

Station (AWS) (for meteorological data collection) and an 

Automatic Water Level Recorder (AWLR). Stream 

discharge was derived from water‐level measurements 

recorded by the AWLR, with a rectangular notch 

constructed below a culvert across the stream in the 

catchment at the outlet. 

It is observed that rainfall above 5 mm led to an 

observable runoff, hence only such rainfall events were 

designated as storms in the study. However, so as to keep 

the events clearly distinguishable, corresponding event 

hydrographs with single peaks and spaced by more than 

two hours of rainless duration were considered for analysis. 

The analysis of collected data is performed using such 30 

selected rainfall-runoff events. 
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Figure 1.  Stretch of Western Ghats over Karnataka (Source: MRY Putty et.al, 2000) and the location of the study area 
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3. Materials and Methods 

The stream flow data is analysed to identify discrete 

discharge peaks, and the corresponding rainfall events that 

coincide with these flood peaks are also identified. 

Baseflow separation was conducted using the simple 

straight-line method because of its simplicity, 

reproducibility, and widespread use in event-based 

hydrological studies. The method assumes a linear 

baseflow variation between runoff initiation and a point on 

the recession limb corresponding to the catchment’s time 

of concentration [29], making it suitable for short-duration 

storm events in small to medium catchments. Although it 

does not explicitly represent groundwater dynamics and 

involves subjective endpoint selection, it provides a robust 

estimate of direct runoff for comparative analyses. During 

the study period, the hydrological behaviour of the 

catchment was assessed by employing the event runoff 

coefficient, together with studying the association between 

the runoff and rainfall characteristics. The parameters that 

are derived from the records for the corresponding runoff 

events, such as event rainfall, antecedent wetness condition 

and incremental discharge, are used to comprehend the 

formation of flood peaks in the study area. 

Antecedent precipitation and the Catchment Storage 

Index (CSI) are the two different metrics used as measures 

of antecedent wetness condition (AWC) in the study area. 

Antecedent precipitation is calculated by aggregating (a) 

the total rainfall over a period of 5 days and (b) the rainfall 

24 hours before the onset of the runoff-producing storm 

events as represented by (1). 

𝐴𝑃 = ∑  𝑃𝑖𝑛
𝑖=1                  (1) 

where AP is the antecedent precipitation, Pi is the daily 

precipitation, and n is the number of days. 

CSI is considered as that magnitude of flow in the 

stream which lasts consistently for a few hours prior to the 

flood hydrograph (Figure 2) - it can be argued that this 

magnitude of flow occurring during a period of 

insignificant rainfall is due to the amount of water stored 

in the catchment prior to the flood event and forms a true 

representation of the catchment wetness. 

Table 1 provides a concise overview of the key attributes 

pertaining to the rainfall-runoff events that have been 

identified. 

 

Figure 2.  Graphical illustration of storm hydrograph characteristics evaluated in the study 
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Table 1.  Basic hydrologic characteristics of analyzed rainfall-runoff events 

No. Date Rainfall characteristics Runoff characteristics AWC MCA 

(%) P 

(mm) 

I 

(mm/hr) 

H 

(hr) 

R 

(mm) 

QF 

(mm) 

QP 

(m3/sec) 

QI 

(m3/sec) 

QF/P CSI 

(m3/sec) 

P5 day 

(mm) 

P24 hrs 

(mm) 

1 18-Jun-21 18.00 8.00 2.25 36.88 0.82 0.75 0.34 0.05 0.41 336.00 77.00 3.88 

2 19-Jun-21 17.40 6.33 2.75 35.13 0.67 0.61 0.15 0.04 0.46 443.00 52.60 3.84 

3 20-Jun-21 13.20 17.6 0.75 26.42 0.32 0.40 0.10 0.02 0.30 430.00 13.60 2.39 

4 20-Jun-21 15.80 7.02 2.25 26.42 0.54 0.44 0.14 0.03 0.30 430.00 27.80 3.38 

5 21-Jun-21 18.20 7.28 2.50 29.34 0.74 0.54 0.20 0.04 0.34 367.00 47.80 4.04 

6 23-Jun-21 6.00 12.00 0.50 14.80 0.07 0.21 0.01 0.01 0.19 227.60 1.60 1.18 

7 27-Jun-21 12.00 4.36 2.75 8.08 0.08 0.12 0.02 0.01 0.10 46.00 15.20 0.68 

8 01-Jul-21 19.60 6.53 3.00 7.46 0.34 0.19 0.11 0.02 0.08 33.60 0.60 1.75 

9 03-Jul-21 8.80 3.52 2.50 7.01 0.16 0.11 0.03 0.02 0.08 41.00 0.80 1.79 

10 06-Jul-21 16.80 16.80 1.00 6.65 0.15 0.15 0.07 0.01 0.08 40.20 0.20 0.90 

11 01-Aug-21 11.20 3.73 3.00 3.45 0.26 0.08 0.04 0.02 0.04 36.60 22.80 2.28 

12 05- Aug -21 19.20 19.20 1.00 4.02 0.40 0.18 0.15 0.02 0.03 35.60 0.00 2.08 

13 06- Aug -21 27.40 9.96 2.75 4.89 0.89 0.19 0.16 0.03 0.03 42.20 29.40 3.25 

14 13- Aug -21 22.80 10.13 2.25 3.53 0.21 0.15 0.12 0.01 0.03 21.60 6.00 0.91 

15 22- Aug -21 14.40 4.80 3.00 3.00 0.32 0.10 0.07 0.02 0.03 35.50 5.20 2.23 

16 23- Aug -21 13.80 27.60 0.50 4.05 0.27 0.18 0.15 0.02 0.03 38.20 2.00 1.98 

17 21-Oct-21 11.60 9.28 1.25 5.71 0.29 0.16 0.10 0.02 0.06 10.40 7.40 2.46 

18 29-Oct-21 10.20 5.83 1.75 3.09 0.10 0.06 0.03 0.01 0.03 9.20 0.00 0.94 

19 31-Oct-21 12.00 8.00 1.50 3.41 0.28 0.07 0.04 0.02 0.03 14.40 3.60 1.80 

20 27-Jun-22 13.00 26.00 0.50 4.63 0.19 0.11 0.09 0.01 0.03 49.00 12.00 1.42 

21 28-Jun-22 16.50 8.25 2.00 8.08 0.37 0.16 0.09 0.02 0.06 78.00 36.00 2.26 

22 29-Jun-22 12.50 10.00 1.25 8.94 0.26 0.15 0.05 0.02 0.10 97.00 41.50 2.11 

23 26-Jul-22 16.60 5.53 3.00 21.30 0.13 0.30 0.05 0.01 0.25 96.60 4.00 0.79 

24 27-Jul-22 15.20 6.76 2.25 20.27 0.63 0.37 0.14 0.04 0.23 72.00 17.80 4.11 

25 30-Jul-22 21.20 28.27 0.75 17.82 0.33 0.34 0.15 0.02 0.20 64.80 21.40 1.57 

26 02-Aug-22 26.40 8.12 3.25 15.37 0.99 0.34 0.18 0.04 0.16 53.00 7.00 3.74 

27 21-Aug-22 17.00 9.71 1.75 10.14 0.46 0.22 0.11 0.03 0.10 40.60 25.00 2.72 

28 25-Aug-22 45.00 5.81 7.75 15.56 1.20 0.29 0.12 0.03 0.18 133.50 8.00 2.66 

29 01-Sep-22 25.50 12.75 2.00 8.51 0.39 0.17 0.07 0.02 0.09 25.00 0.00 1.51 

30 06-Sep-22 27.50 27.50 1.00 7.03 0.34 0.19 0.12 0.01 0.07 43.00 60.00 1.22 

P (event rainfall), I (rainfall intensity), H (rainfall duration), R (runoff for the day), QF (Direct runoff), QP (peak flood), QI (incremental 
discharge), QF/P (runoff co. efficient), CSI (catchment storage index), P5 day (last 5-day rainfall), P24hrs (previous day rainfall), AWC 
(antecedent wetness condition), MCA (minimum contributing area) 

The estimation of the event runoff coefficient is based on 

the ratio between the volume of the event's quick runoff 

component and the corresponding amount of rainfall. This 

runoff coefficient is influenced by the storage levels in the 

different storages, such as vegetation interception, soil 

moisture accumulation, and percolation into subsurface 

layers. Further, the response time (Table 1) in this work 

(also known as lag-time) refers to the period of time 

between the highest intensity of the storm and the peak of 

the corresponding event hydrograph (Figure 2). This 

metric serves to quantify how fast the peak discharge is 

attained. 
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4. Results and Discussion 

4.1. Rainfall–Runoff Event Analysis and Identification 

of Runoff Generation Mechanisms 

During the study period from June to October, the total 

recorded rainfall in the experimental catchment was 3600 

mm in 2021 and 4100 mm in 2022, both within the 

climatologically normal range for the region (3000–6000 

mm annually). These totals reflect typical monsoonal 

rainfall patterns of the Western Ghats and provided an 

appropriate temporal window to capture hydrologically 

significant events. Across both years, 30 distinct rainfall–

runoff events were identified and analysed. Rainfall depths 

ranged from 6 mm to 45 mm, while average intensities 

(calculated by dividing the total rainfall amount during an 

event by the storm duration) varied between 3.5 mm/hr and 

28 mm/hr. Most of the events (65%) had average 

intensities below 10 mm/hr, indicating that 

moderate-intensity rainfall dominates storm profiles in the 

region [24]. 

The hydrologic response time, defined as the lag 

between rainfall peak and corresponding streamflow peak, 

ranged from 15 to 45 minutes for most of the events, except 

when the catchment was relatively dry. Such short 

response times, even under moderate rainfall, suggest rapid 

mobilization of water through subsurface pathways, likely 

facilitated by preferential flow or pipe flow mechanisms. 

Large peak flows observed despite short lags in the 

catchment are consistent with the observations in small 

forested catchments where well-connected subsurface 

networks are present [24]. 

Analysis of the quick flow component, calculated using 

event separation techniques, revealed values ranging from 

0.07 mm to 1.19 mm per event. Statistical correlations 

showed a stronger relationship between quick flow and 

total rainfall amount (r =0.72) than with rainfall intensity (r 

=-0.2) (Figure 3a and Figure 3b), supporting the conceptual 

framework of Variable Source Area (VSA) hydrology. 

Further, the significant influence (r =0.62) of event 

duration on quick flow compared to rainfall intensity 

shows that prolonged rainfall increases the spatial extent of 

saturated areas, thereby expanding runoff-contributing 

zones and enhancing flow volumes (Figure 3c). These 

results underscore the importance of rainfall amount and 

duration as primary drivers of runoff generation in 

VSA-dominated systems, consistent with previous 

findings in humid, forested, hilly catchments [30]. 

Evaluation of runoff coefficients in relation to 

Catchment Storage Index revealed a moderate positive 

correlation (r=0.63) (Figure 4), indicating that infiltration 

and subsurface storage dominate the hydrologic response. 

The catchment’s soils are likely deep and highly permeable, 

capable of storing substantial volumes of infiltrated water 

and releasing it gradually as baseflow. Hydrographs of 

selected events (Figure 5) further illustrate the dominance 

of delayed flow, where more than 60% of total streamflow 

is contributed by baseflow. This sustained response, even 

after rainfall cessation, highlights the role of subsurface 

storage and interflow in shaping the hydrograph in the 

catchment. 

4.2. Controls on Streamflow Generation 

The processes governing streamflow generation in a 

catchment are strongly influenced by a combination of 

climatic and physiographic factors. Rainfall characteristics, 

particularly depth and intensity, determine whether runoff 

is to be initiated. From the event analysis, a threshold 

rainfall depth of approximately 5 mm was identified as the 

minimum required to generate measurable streamflow at 

the catchment outlet. This threshold reflects interception 

by canopy and leaf litter, infiltration into permeable soils, 

and other initial losses before runoff contributes to the 

stream. Such thresholds are typical of forested headwater 

systems, where a substantial fraction of rainfall is 

temporarily stored or delayed [30]. 

Rainfall intensities in the study catchment ranged 

between 3.5 mm/hr and 28 mm/hr, considerably lower than 

the saturated infiltration capacity observed in experimental 

plots of similar forest systems in the Western Ghats 

[24,28,31]. This disparity indicates that infiltration-excess 

overland flow (Hortonian Overland Flow, HOF) is unlikely 

to be a major contributor to runoff. Low runoff coefficients 

observed for most events (Table 1) further support the 

notion that rainfall largely infiltrates the soil, minimizing 

overland flow. High soil permeability and dense forest 

cover reinforce this pattern: deep, well-drained soils store 

substantial infiltrated water for later contributions to 

baseflow, while canopy and undergrowth intercept a 

significant fraction of rainfall.  

The timing of streamflow response, expressed as lag 

time to peak flow, provides additional insight into the 

factors controlling stormflow. A mean lag time of 

approximately 36 minutes was observed between rainfall 

onset and hydrograph peak, which is 1.5 times longer than 

the lag time estimated using Dunne’s empirical method 

(1987) [32], which is calibrated for infiltration-excess 

systems. This lag supports rapid subsurface flow via 

preferential pathways, such as root channels or soil pipes, 

commonly found in humid, undisturbed forest soils 

[33,34]. 

All these observations present a coherent picture that the 

dominant runoff generation process in the studied Western 

Ghats catchment is saturation-excess overland flow. 

The relatively low runoff coefficients, high soil 

infiltration capacity, weak correlation between rainfall 

intensity and runoff, and moderate lag times suggest that 

the hydrologic regime is primarily governed by subsurface 

storage and antecedent moisture conditions, with only a 

minor contribution from Hortonian overland flow. 

This understanding has important implications for 

hydrological modelling and flood forecasting in similar 
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forested, humid catchments. It emphasizes the need for 

models that can capture threshold behaviour, dynamic 

contributing areas, and interflow pathways-parameters that 

are often oversimplified in conventional lumped or 

HOF-centric models. 

4.3. Factors Influencing Flood Peaks 

Building on the insights gained from stormflow 

generation mechanisms, it is evident that flood peaks in the 

studied catchment are not merely a function of rainfall 

intensity or amount alone, but rather the result of a 

complex interplay of hydrological, soil, and topographic 

factors. In regions like Western Ghats, where variable 

source area (VSA) dynamics dominate and subsurface flow 

pathways are prominent, flood peaks are often influenced 

by the duration of rainfall, antecedent moisture conditions, 

spatial expansion of saturated areas, and the connectivity 

between hillslopes and stream channels. Understanding 

these contributing factors is crucial not only for accurate 

flood prediction but also for designing effective watershed 

management and flood mitigation strategies tailored to 

such a hydrologically sensitive landscape. 

As the peak flow of a rainfall-runoff event represents a 

critical hydrological parameter in the assessment of flood 

risk, hydraulic structure design, and watershed 

management, it is essential to understand the factors that 

govern its magnitude and variability. Numerous studies 

have emphasized the role of peak discharge in design flood 

estimation and flood hazard analysis, particularly in small 

and steep catchments where response times are short and 

flood events can escalate rapidly [35,36]. 

 

Figure 3.  Scatter diagram showing the association between a) Quick flow and Rainfall amount b) Quick flow and rainfall intensity c) Quick flow and 

rainfall duration 

 

Figure 4.  Scatter diagram showing the association between Runoff coefficient and Catchment storage index (CSI) 
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Figure 5.  Hydrographs for the events: Event No. 1; 2 and; 27 respectively 
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In the context of the present study, this analysis becomes 

particularly relevant given the history of extreme 

hydrological events in the region, notably the flood event 

during the 2018 monsoon, which resulted from sustained 

heavy rainfall over the Western Ghats. Such events 

underscore the necessity of accurately characterizing the 

controlling factors of peak flows, especially in headwater 

catchments with complex runoff generation dynamics. 

To this end, the study evaluated the relationship between 

event peak flow and a set of key rainfall and catchment 

characteristics, which are traditionally known or 

hypothesized to influence flood peaks. These include total 

rainfall amount, rainfall intensity, rainfall duration, 

antecedent wetness conditions, and lag time between 

rainfall and peak flow.  

Relationships were explored using scatter plots, 

allowing visual assessment of correlation patterns and 

potential threshold behaviours. This graphical approach 

provided an intuitive means of identifying dominant 

influences and nonlinear trends. Each relationship is 

discussed in detail in the following sections, with an 

emphasis on how the results reflect the unique hydrologic 

behaviour of the forested, highly permeable catchment of 

the Western Ghats. 

4.3.1. Effect of Event-Causing Rainfall 

In order to understand the role of rainfall characteristics 

in controlling flood peaks, a scatter diagram was drawn to 

examine the relationship between peak flow and the total 

event-causing rainfall depth (Figure 6a). Contrary to the 

conventional expectation that larger rainfall events would 

generate proportionally higher flood peaks, the results 

revealed a low correlation (r=0.19) between the two 

variables, suggesting that total rainfall alone is not a strong 

predictor of peak discharge in this catchment. 

This weak association raises an important consideration 

about the hydrological response behaviour of catchments 

governed by variable source area (VSA) dynamics. In such 

systems, peak flow is not solely the outcome of rainfall 

volume but may rather depend on how rainfall interacts 

with the antecedent moisture conditions and the already 

existing baseflow in the system. To further investigate this, 

the relationship between rainfall depth and incremental 

discharge, which is defined as the difference between the 

pre-event baseflow and the observed event peak, was 

examined (Figure 6b). The logic behind this approach was 

that peak flow may largely represent the augmentation of 

pre-existing streamflow conditions, rather than being a 

direct translation of rainfall into runoff. 

However, even this refined analysis yielded a weak 

positive correlation (r=0.39), indicating that incremental 

discharge is not significantly related to rainfall depth either. 

This finding highlights the complexity of runoff generation 

mechanisms in forested, humid catchments, where a 

variety of interacting controls, such as antecedent soil 

moisture, rainfall duration, infiltration dynamics, and 

subsurface flow connectivity, can modulate the stream 

response. 

The findings are consistent with previous studies in 

similar environments, where soil moisture thresholds, 

event sequencing, and temporal distribution of rainfall 

have been shown to exert a stronger control over stormflow 

generation than rainfall totals alone [37,38]. This 

underscores the need to incorporate pre-event hydrologic 

states in predictive flood models for better accuracy in peak 

flow estimation in such sensitive and highly dynamic 

hydrological systems. 

 

Figure 6.  Scatter diagram showing the association between a) Peak discharge and event rainfall b) Incremental discharge and event rainfall 
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4.3.2. Effect of Antecedent Wetness Conditions on Flood 

Peaks 

Given the weak correlation observed between 

event-causing rainfall and flood peaks, it became essential 

to examine the role of antecedent wetness conditions, 

which are often found to significantly influence runoff 

generation, especially in humid, forested catchments with 

dominant subsurface flow pathways. In this study, two 

distinct indicators were employed to assess antecedent 

wetness in the catchment. 

1. Antecedent rainfall 

2. Catchment storage index (CSI) 

To quantify antecedent rainfall, cumulative rainfall over 

the five days preceding each selected runoff event was 

computed and plotted against the corresponding event peak 

discharge (Figure 7a). In addition, the rainfall occurring on 

the day immediately preceding each event was also 

considered as a secondary metric (Figure 7b). The 

comparison of these two plots revealed that the five-day 

cumulative rainfall shows a more consistent and stronger 

correlation (r=0.81) with flood peaks than the previous 

day’s rainfall (r=0.63). This suggests that, short-term soil 

moisture memory and sustained wetting over multiple days 

play a more critical role in saturating the soil profile and 

enabling the expansion of runoff-contributing zones. 

However, among all examined indicators, the 

Catchment Storage Index (CSI) emerged as the most 

significant (r=0.94) and reliable predictor of flood peaks 

(Figure 7c). CSI, which reflects the baseflow level at the 

beginning of each rainfall-runoff event, serves as a proxy 

for the overall wetness or storage state of the catchment. 

The observed very strong positive correlation between CSI 

and peak flow reinforces the idea that the catchment’s 

antecedent storage capacity has a key control on the 

magnitude of stormflow. 

This finding aligns well with the hydrological behaviour 

of the study catchment, where delayed subsurface flow 

contributes significantly–often over 60%–to the total 

streamflow, both during dry weather and active rainfall 

events [24]. The magnitude of flood peaks is less a function 

of instantaneous rainfall inputs and more a result of the 

cumulative wetness condition of the catchment. 

Moreover, this outcome supports the conclusions drawn 

from other studies in VSA-dominated terrains, which have 

emphasized the importance of pre-event storage states and 

catchment memory in shaping runoff responses (e.g., 

[16,30]). The CSI, acting as a synthesized representation of 

all slow-moving subsurface processes, thus provides an 

integrated measure of antecedent wetness and proves to be 

a robust predictor for flood peak estimation in such 

hydrological settings. 

4.4. Saturated Area Development in the Catchment 

Field observations during the active monsoon months 

reinforce the theoretical and empirical conclusions drawn 

in the study. During periods of sustained rainfall, the 

stream channels, which are typically narrow under 

baseflow conditions, begin to expand laterally due to the 

development of saturated zones along their banks. These 

zones, initially restricted to riparian areas, grow in size as 

rainfall continues, eventually occupying significant 

portions of the valley floor. Once these areas become 

saturated, any additional rainfall falling on them directly 

contributes to surface runoff, thereby significantly 

amplifying streamflow volumes and flood peaks.  

This dynamic spatial expansion of saturated areas 

underscores a fundamental principle of the VSA concept, 

wherein runoff-contributing areas are not fixed but evolve 

in response to antecedent wetness and rainfall 

characteristics. 

Since the runoff response is spatially and temporally 

variable due to factors like antecedent wetness and rainfall 

intensity, estimating the Minimum Contributing Area 

(MCA) helps in determining how much of the landscape is 

actually contributing to the increased streamflow and flood 

peaks. However, capturing the dynamism of saturated 

zones was difficult in the field due to the difficulty 

associated with continuous field-based mapping. Hence, as 

a practical alternative, the Minimum Contributing Area 

(MCA) is estimated in this study for individual events 

using event hydrographs.  

According to the variable source area theory, saturated 

zones are assumed to form primarily in the vicinity of the 

stream network, and all rainfall falling on these saturated 

areas is converted directly into runoff. Hence, the saturated 

contributing area or MCA is derived by dividing the direct 

runoff (quick flow volume) by the depth of rainfall that 

triggered the event. 

The computed MCA values for selected events in the 

Heruthihalla catchment (Table 1) reveal a highly dynamic 

behaviour, with the maximum MCA reaching 4.11% of the 

catchment area during a peak event on 27 July 2022. To 

explore this variability, the relationship between MCA and 

Catchment Storage Index (CSI)-a proxy for catchment 

wetness-was examined (Figure 8a). 

Although a general trend suggests increased MCA with 

higher CSI (r=0.57), the scatter in the data indicates that 

CSI alone does not fully account for the observed 

variability in saturated area extent. This necessitated 

further investigation into the potential influence of rainfall 

characteristics. Subsequent scatter plots revealed a weak 

positive dependence of MCA on rainfall amount (r = 0.2) 

compared to rainfall intensity, which showed a weak 

negative relationship (r = −0.27). This suggests that total 

rainfall volume may have a slightly greater influence on 

catchment wetness than short-duration rainfall intensity. 

Still, among all the variables considered, CSI continues to 

show a greater influence on MCA variability than rainfall 

amount, reinforcing the importance of antecedent 

catchment conditions in shaping runoff-contributing areas. 

A summary table for the statistics of all analysed 

variables is given in Table 2. The analysis underscores the 

complex interplay between static (soil and topography) and 
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dynamic (rainfall and storage) factors in governing the hydrological response of catchments with VSA behaviour. 

 

Figure 7.  Scatter diagram showing the association between a) Peak discharge and last 5-day rainfall b) Peak discharge and previous day rainfall c) 

Peak discharge and catchment storage index (CSI) 

 

Figure 8.  Scatter diagram showing the association between a) Minimum contributing area (MCA) and catchment storage index (CSI) b) Minimum 

contributing area (MCA) and rainfall intensity c) Minimum contributing area (MCA) and rainfall amount 

Table 2.  Summary of statistics for analysed variables 

Variables considered Correlation r (Pearson) p-value Significance 

Quick flow (QF) & Event rainfall (P) 0.72 0.0000 Significant 

Quick flow (QF) & Rainfall intensity (I) -0.20 0.3050 Not significant 

Quick flow (QF) & Rainfall Duration (H) 0.62 0.0002 Significant 

CSI & Runoff coefficient 0.63 0.0001 Significant 

Event rainfall (P) & Peak discharge (Qp) 0.19 0.2980 Not significant 

Event rainfall (P) & Q_incremental (QI) 0.39 0.0300 Significant 

Peak discharge (Qp) & P5 day 0.81 0.0000 Significant 

Peak discharge (Qp) & P24 Hours 0.63 0.0002 Significant 

Peak flow Peak discharge (Qp) & CSI 0.94 0.0000 Significant 

MCA & CSI 0.57 0.0000 Significant 

MCA & Rainfall intensity (I) -0.27 0.1391 Not significant 

MCA & Event rainfall (P) 0.20 0.2886 Not significant 
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5. Conclusions 

This study provides critical empirical insights into the 

runoff generation mechanisms and flood peak controls 

within a small, forested headwater catchment in the 

Western Ghats of South India. Through high-resolution 

rainfall-runoff event analysis, the research confirms that 

streamflow response in this region is predominantly 

governed by subsurface processes and saturation-excess 

runoff, rather than Hortonian overland flow. The short lag 

times and low runoff coefficients observed across events 

highlight the role of rapid interflow and shallow 

groundwater contributions, underscoring the relevance of 

the Variable Source Area (VSA) concept in explaining the 

catchment’s hydrologic behaviour. 

Antecedent wetness conditions-quantified through 

antecedent precipitation and the Catchment Storage Index 

(CSI)-emerged as more reliable predictors of flood peaks 

and saturated area development than rainfall intensity or 

amount alone. This emphasizes the importance of internal 

catchment storage dynamics and moisture thresholds in 

shaping stormflow responses. 

Furthermore, the study demonstrates that even with 

limited data availability, meaningful hydrological insights 

can be obtained using event-based correlation analyses 

supported by a high-temporal-resolution dataset. 

The findings have significant implications for flood 

prediction and hydrological modelling of VSA-dominated 

catchments. Correlation between considered variables 

highlights the necessity of incorporating subsurface flow 

processes, dynamic contributing areas, and antecedent 

conditions into conceptual and physically based models to 

better simulate hydrologic responses in VSA-dominated 

landscapes. 

Acknowledgements 

This field study was taken up as a part of the project 

“Hydrological studies in the catchments of Western Ghats 

with impetus on groundwater system”, sponsored by All 

India Council for Technical Education (AICTE), New 

Delhi, under RPS- NDF scheme. The authors acknowledge 

with thanks the funding by AICTE. The authors also thank 

the people who helped in the field for data collection. 

 

REFERENCES 

[1] Kirchner J. W., "Aggregation in environmental systems – 
Part 1: Seasonal tracer cycles quantify young water 
fractions, but not mean transit times, in spatially 
heterogeneous catchments," Hydrology and Earth System 
Sciences, vol. 20, no. 1, pp. 279–297, 2016. DOI: 
10.5194/hess-20-279-2016. 

[2] Hewlett J. D., Bosch J. M., "The dependence of storm flows 

on rainfall intensity and vegetal cover in South Africa," 
Journal of Hydrology, vol. 75, pp. 365–381, 1984. DOI: 
10.1016/0022-1694(84)90060-X. 

[3] Howard A. J., Bonell M., Gilmour D., Cassells D., "Is 
rainfall intensity significant in the rainfall–runoff process 
within tropical rainforests of northeast Queensland? The 
Hewlett regression analyses revisited," Hydrological 
Processes, vol. 24, pp. 2520–2537, 2010. DOI: 
10.1002/hyp.7694. 

[4] Sarwar M. W., Campbell D. I., Shokri A., "Riparian zone as 
a variable source area for the estimation of 
evapotranspiration through the analysis of daily 
fluctuations in stream flow," Hydrological Processes, vol. 
36, no. 10, 2022. DOI: 10.1002/hyp.14708. 

[5] Schneiderman E. M., Steenhuis T. S., Thongs D. J., Easton 
Z. M., Zion M. S., Neal A. L., Mendoza G. F., Walter M. T., 
"Incorporating variable source area hydrology into a 
curve-number-based watershed model," Hydrological 
Processes, vol. 21, pp. 3420–3430, 2007. DOI: 
10.1002/hyp.6556. 

[6] Castillo V. M., Gomez-Plaza A., Martinez-Mena M., "The 
role of antecedent soil water content in the runoff response 
of semiarid catchments: A simulation approach," Journal of 
Hydrology, vol. 284, no. 1, pp. 114–130, 2003. DOI: 
10.1016/S0022-1694(03)00264-6. 

[7] Tian F., Li H., Sivapalan M., "Model diagnostic analysis of 
seasonal switching of runoff generation mechanisms in the 
Blue River basin, Oklahoma," Journal of Hydrology, vol. 
418, pp. 136–149, 2012. DOI: 10.1016/j.jhydrol.2010.03.0
11. 

[8] Weiler M., McGlynn B. L., McGuire K. J., McDonnell J. J., 
"How does rainfall become runoff? A combined tracer and 
runoff transfer function approach," Water Resources 
Research, vol. 39, no. 11, pp. 1315–1327, 2003. DOI: 
10.1029/2003WR002331. 

[9] Rushlow C. R., Godsey S. E., "Rainfall–runoff responses on 
Arctic hillslopes underlain by continuous permafrost, North 
Slope, Alaska, USA," Hydrological Processes, vol. 31, no. 
23, pp. 4092–4106, 2017. DOI: 10.1002/hyp.11294. 

[10] Guan M., Sillanpaa N., H. Koivusalo, "Storm runoff 
response to rainfall pattern, magnitude and urbanization in a 
developing urban catchment," Hydrological Processes, vol. 
30, no. 4, pp. 543–557, 2015. DOI: 10.1002/hyp.10624. 

[11] Noguchi S., Nik A. R., Yusop Z., "Rainfall–runoff 
responses and roles of soil moisture variations in a tropical 
rainforest, Bukit Tarek, Peninsular Malaysia," Journal of 
Forest Research, vol. 2, pp. 125–132, 1997. DOI: 
10.1007/BF02348209. 

[12] Hang C., Lihua C., "Response of runoff variation to the 
changing environments of karst regions in southwest 
China," Hydrological Sciences Journal, vol. 67, no. 15, pp. 
2344–2357, 2022. DOI: 10.1080/02626667.2022.2144323. 

[13] Knapp A., Berghuijs W., Floriancic M., Kirchner J., 
"Catchment hydrological response and transport are 
affected differently by precipitation intensity and 
antecedent wetness," Hydrology and Earth System Sciences, 
vol. 29, no. 15, pp. 3673–3685, 2025. DOI: 
10.5194/hess-29-3673-2025. 

[14] Zehe E., Bloschl G., "Predictability of hydrologic response 



1532 Rainfall-Runoff Event Analysis towards the Understanding of Hydrological Behaviour  

of a Headwater Catchment in Western Ghats, Karnataka, India – A Case Study 

at the plot and catchment scales: Role of initial conditions," 
Water Resources Research, vol. 40, no. 10, p. W10202, 
2004. DOI: 10.1029/2003WR002869. 

[15] Brocca L., Melone F., Moramarco T., Singh V. P., 
"Assimilation of observed soil moisture data in storm 
rainfall–runoff modeling," Journal of Hydrologic 
Engineering, vol. 14, no. 2, pp. 153–165, 2009. DOI: 
10.1061/(ASCE)1084-0699(2009)14:2(153). 

[16] Penna D., Tromp-van Meerveld H. J., Gobbi A., Borga M., 
Dalla Fontana G., "The influence of soil moisture on 
threshold runoff generation processes in an alpine 
headwater catchment," Hydrology and Earth System 
Sciences, vol. 15, no. 3, pp. 689–702, 2011. DOI: 
10.5194/hess-15-689-2011. 

[17] Farrick K. K., Branfireun B. A., "Soil water storage, rainfall 
and runoff relationships in a tropical dry forest catchment," 
Water Resources Research, vol. 50, no. 2, pp. 9236–9250, 
2014. DOI: 10.1002/2014WR016045. 

[18] Qazi N., "Hydrological functioning of forested catchments, 
Central Himalayan Region, India," Forest Ecosystems, vol. 
7, no. 63, 2020. DOI: 10.1186/s40663-020-00275-8. 

[19] Sakakibara K., Suzuki K., "Controlling factors and 
characteristics of peak runoff in an alpine headwater under 
the Asian monsoon climate," Mountain Research and 
Development, vol. 42, no. 2, 2022. DOI: 
10.1659/MRD-JOURNAL-D-21-00030.1. 

[20] Tarasova L., Basso S., Poncelet C., Merz R., "Exploring 
controls on rainfall–runoff events: 1. Time-series-based 
event separation and temporal dynamics," Water Resources 
Research, vol. 54, no. 10, pp. 7711–7732, 2018. DOI: 
10.1029/2018WR022587. 

[21] Tarasova L., Basso S., Poncelet C., Merz R., "Exploring 
controls on rainfall–runoff events: 2. Regional patterns and 
spatial controls," Water Resources Research, vol. 54, no. 10, 
pp. 7688–7710, 2018. DOI: 10.1029/2018WR022588. 

[22] Rhea L., Jarnagin T., Hogan D., Loperfido J.V., Shuster W., 
"Effects of urbanization and stormwater control measures 
on streamflows in Maryland, USA," Hydrological 
Processes, vol. 29, no. 20, pp. 4413–4426, 2015. DOI: 
10.1002/hyp.10505. 

[23] Uchida T., Kosugi K., Mizuyama T., "Effects of pipeflow 
on hydrological process and its relation to landslide," 
Hydrological Processes, vol. 15, pp. 2151–2174, 2001. DOI: 
10.1002/hyp.281. 

[24] Putty M. R. Y., Prasad R., "Understanding runoff processes 
using a watershed model – a case study in Western Ghats in 
South India," Journal of Hydrology, vol. 228, no. 3–4, pp. 
215–227, 2000. DOI: 10.1016/S0022-1694(00)00141-4. 

[25] Babar S., Ramesh H., "Analysis of extreme rainfall events 
over Nethravathi basin," ISH Journal of Hydraulic 
Engineering, vol. 20, no. 2, pp. 212–221, 2014. DOI: 
10.1080/09715010.2013.872353. 

[26] Chellamuthu S. N., Ganapathy G. P., "Quantifying the 
impact of changing rainfall patterns on landslide frequency 

and intensity in Nilgiris District, Western Ghats, India," 
Progress in Disaster Science, vol. 23, 2024. DOI: 
10.1016/j.pdisas.2024.100351. 

[27] Putty M. R. Y., Madhusoodhanan C. G., "Water resources 
and hydrology of the Western Ghats: their role and 
significance in South India," NNRMS Bulletin of ISRO, pp. 
57–66, 2013. 

[28] Putty M.R.Y., Darshan R., Kumar N., Resmy K., Javeed Y., 
Pandu N., "Soil properties influencing the hydrology of 
Western Ghats: A case study in Karnataka," Journal of The 
Institution of Engineers (India) Series A, vol. 102, pp. 
1161–1167, 2021. DOI: 10.1007/s40030-021-00574-5. 

[29] Putty M. R. Y., “Principles of Hydrology”, I K International 
Publishing, New Delhi, 2010. 

[30] Tromp-van Meerveld H. J., McDonnell J. J., "Threshold 
relations in subsurface stormflow: The fill and spill 
hypothesis," Water Resources Research, vol. 42, no. 2, p. 
W02411, 2006. DOI: 10.1029/2004WR003800. 

[31] Bonell, M., Purandara, B.K., Venkatesh, B., Krishnaswamy, 
J., Acharya, H.A.K., Singh, U.V., Jayakumar, R., & 
Chappell, N., "The impact of forest use and reforestation on 
soil hydraulic conductivity in the Western Ghats of India," 
Journal of Hydrology, vol. 391, no. 1–2, pp. 47–62, 2010. 
DOI: 10.1016/j.jhydrol.2010.07.004. 

[32] Dunne T., “Hillslope Hydrology”, John Wiley & Sons, UK, 
1978, p. 227. 

[33] Tsuboyama Y., Sidle R. C., Noguchi S., Hosoda I., "Flow 
and solute transport through the soil matrix and macropores 
of a hillslope segment," Water Resources Research, vol. 30, 
no. 4, pp. 879–890, 1994. DOI: 10.1029/93WR03245. 

[34] Sidle R. C., Tsuboyama Y., Noguchi S., Hosoda I., Fujieda 
M., Shimizu T., "Stormflow generation in steep forested 
headwaters: a linked hydrogeomorphic paradigm," 
Hydrological Processes, vol. 14, no. 3, pp. 369–385, 2000. 
DOI: 10.1002/(SICI)1099-1085(20000228)14:3%3C369::
AID-HYP943%3E3.0.CO;2-P. 

[35] Gottschalk L., Weingartner R., "Distribution of peak flow 
derived from rainfall and runoff coefficient distributions 
and a unit hydrograph," Journal of Hydrology, vol. 208, no. 
3, pp. 148–162, 1998. DOI: 10.1016/S0022-1694(98)0015
2-8. 

[36] La Torre Torres I. B., Amatya D. M., Sun G., Callahan T. J., 
"Seasonal rainfall–runoff relationships in a lowland 
forested watershed in the southeastern USA," Hydrological 
Processes, vol. 25, no. 13, pp. 2032–2045, 2011. DOI: 
10.1002/hyp.7955. 

[37] Zehe E., Elsenbeer H., Lindenmaier F., Schulz K., Bloschl 
G., "Patterns of predictability in hydrological threshold 
systems," Water Resources Research, vol. 43, no. 7, p. 
W07434, 2007. DOI: 10.1029/2006WR005589. 

[38] Detty J. M., McGuire K. J., "Threshold changes in storm 
runoff generation at a till-mantled headwater catchment," 
Water Resources Research, vol. 46, no. 7, p. W07525, 2010. 
DOI: 10.1029/2009WR008102. 

 


