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Abstract

Rainfall-runoff processes play a crucial role in determining irrigation water availability
in tropical agricultural catchments. This study develops a rainfall-runoff simulation
framework for sustainable irrigation water management by integrating rainfall
characterization, SCS-CN runoff estimation, runoff coefficient analysis, effective runoff
availability, irrigation water demand, water balance, Surplus—Deficit Ratio, and Irrigation
Sustainability Index. Monthly rainfall data were used to estimate runoff depth and runoff-
derived water availability, while irrigation demand was evaluated based on crop water
requirement and effective water availability. The results show that runoff generation is
highly seasonal, with high runoff coefficients during wet months and low runoff response
during dry months. The ISI results indicate highly sustainable irrigation conditions in
January, February, and December, sustainable conditions in March and November, and
critical conditions from June to September. The proposed framework supports runoff
harvesting, storage optimization, rotational irrigation, crop calendar adjustment, and
priority-based water allocation.

Keywords: rainfall-runoff, runoff coefficient, Irrigation sustainability, water balance,
tropical agriculture

INTRODUCTION

Agricultural water management in tropical regions is increasingly
challenged by rainfall variability, seasonal water imbalance, and growing pressure
on irrigation systems (Narsimlu et al., 2024). Although tropical catchments
generally receive high annual rainfall, the temporal distribution is often uneven,
leading to periods of excessive runoff during wet months and water deficit during
dry months. This seasonal imbalance creates uncertainty in irrigation scheduling,
especially for agricultural areas that depend on surface runoff, small reservoirs,
diversion structures, or local catchment storage (Minh et al., 2024).

In tropical agricultural catchments, rainfall is the primary hydrological input
controlling runoff generation, soil moisture availability, streamflow response, and
irrigation supply (Shokri, 2023). However, rainfall depth alone is insufficient to
describe water availability, as part of the rainfall is lost through interception,
infiltration, evapotranspiration, and soil storage before contributing to direct runoff.
Therefore, rainfall-runoff simulation is necessary to transform rainfall information
into hydrologically meaningful indicators such as runoft depth, water availability,
and irrigation supply reliability (Muhammad et al., 2023). The SCS Curve Number
method, for example, estimates precipitation excess as a function of rainfall, initial
abstraction, soil-cover condition, land use, and catchment retention capacity,
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making it widely applicable for event-based runoff estimation in agricultural and
mixed land-use catchments.

Sustainable irrigation management also requires the estimation of crop
water demand (Surfia Dioh, 2022). FAO guidelines define reference
evapotranspiration, crop evapotranspiration, crop coefficients, and soil-water
balance as key components in computing crop water requirements and irrigation
needs (Gharsiram et al., 2023). FAO’s CROPWAT framework similarly calculates
crop and irrigation water requirements based on soil, climate, and crop data, and
supports irrigation scheduling and scheme water-supply analysis across different
cropping patterns. These concepts are important because irrigation planning should
not only consider available water but also crop-specific water demand and the
timing of rainfall contribution (Naeem & Jahan, 2023).

Previous irrigation studies have often examined rainfall characteristics,
runoff generation, or crop water requirement estimation as separate analytical
components (Abushandi & Al Ajmi, 2022). However, limited attention has been
given to integrating these components into a practical, scenario-based framework
that links hydrological simulation with irrigation reliability assessment. This
limitation is important because irrigation managers require not only hydrological
outputs, such as runoff depth or water balance (Khaydar et al., 2021), but also
operational indicators, including deficit months, maximum deficit severity, and
reliability percentage, to support water allocation decisions under variable rainfall
conditions.

This study contributes to the literature and practice of irrigation water
management in several important ways. First, it provides an integrated
hydrological—irrigation assessment framework that connects rainfall variability,
runoff generation, crop water demand, and water balance evaluation within a single
analytical structure. Second, it translates rainfall-runoff simulation outputs into
operational irrigation indicators, including deficit months, maximum deficit
severity, and irrigation reliability, which are directly useful for irrigation planning
and decision-making. Third, it introduces a scenario-based evaluation approach that
enables comparison of irrigation system performance under normal, deficit,
extreme-deficit, and wet rainfall conditions. Finally, the proposed framework
supports climate-resilient irrigation allocation by identifying critical periods of
water scarcity and providing a basis for adaptive strategies, such as rotational
irrigation, storage optimization, crop calendar adjustment, and priority-based water
distribution in tropical agricultural catchments. A conceptual framework is
illustrated in Figure 1.
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Figure 1. Framework for Tropical Agricultural Catchments

Therefore, this study aims to develop a rainfall-runoff simulation
framework for sustainable irrigation water management in tropical agricultural
catchments. The specific objectives are: (i) to simulate runoff response under
different rainfall variability scenarios; (ii) to estimate irrigation water demand using
crop evapotranspiration and effective rainfall principles; (iii) to evaluate monthly
water balance and irrigation reliability; and (iv) to propose climate-resilient
irrigation allocation strategies based on scenario performance. The novelty of this
study lies in its integration of rainfall-runoff simulation, crop water demand
estimation, monthly water balance analysis, and irrigation reliability assessment
into a scenario-based decision-support framework for sustainable irrigation
planning in tropical agricultural catchments.

METHOD

This study applies a rainfall-runoff simulation approach to evaluate
sustainable irrigation water management in tropical agricultural catchments. The
method comprises six main stages: rainfall characterization, catchment parameter
identification, runoff simulation, runoff coefficient analysis, irrigation water
demand estimation, and irrigation sustainability assessment. The framework differs
from a scenario-based allocation model because it emphasizes monthly rainfall—
runoff transformation and the extent to which effective runoff can satisfy irrigation
water demand.

Monthly rainfall data are the primary input for hydrological simulation.
Annual rainfall is calculated as :

12
Ponnual = Z P, (1)
F—1

where P, ... 1S annual rainfall and p, is rainfall depth in month ¢. Surface
runoff is estimated using the Soil Conservation Service Curve Number method
(Girons Lopez et al., 2021). Furthermore, the runoff depth is calculated as
(Hernandez Gamboa, 2023):
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2
Q; = M 2)
Pr - I,-, + S
where @, is runoff depth in month ¢, p, is rainfall depth, 1, is initial abstraction,
and S is maximum potential retention. If p, <,, then Q. = 0. The retention
parameter is calculated as:
25400

_ _ 3
S ——— 254 (3)

where CN is the Curve Number representing land use, soil type, and runoff potential
(Poblete et al., 2020). Initial abstraction is estimated as:
I, =028 (4)
Runoff depth is then converted into runoff volume using the catchment area
(Naz et al., 2020):

I, =028 (5)
V0, =0, x Ax 10 (6)
where V@, is runoff volume in month t, Q, is runoff depth in mm, and 4 is
catchment area in hectares. The multiplier 10 is used because 1 mm rainfall over 1
hectare is equivalent to 10 m3 of water.
To evaluate the catchment response to rainfall, the runoff coefficient is
calculated as:

=2 ™
where C, is the monthly runoff coefficient. A higher value of ¢, indicates that a
larger proportion of rainfall is converted into runoff, while a lower value indicates
greater losses through infiltration, storage, or evapotranspiration (Zhang et al.,
2023).
Effective runoff availability is calculated by considering storage or
conveyance efficiency:

ERA, =V0, X 1. (8)

where ERA, is effective runoff availability and 5, is the storage or conveyance
efficiency. Crop evapotranspiration is calculated as:

ET, = K, X ET,
where ET,is crop evapotranspiration, K_is the crop coefficient, and ET,is reference
evapotranspiration (Sabah et al., 2023). Irrigation water requirement is calculated
as:

ETc,t _ Pe,t

IWR, = (10)

where [WR,is irrigation water requirement, ET, . is crop evapotranspiration, P, ,is
effective rainfall, and E;is irrigation efficiency (Silvestro et al., 2021). If expressed
as volume, irrigation water demand is calculated as:
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VIWR, = IWR, X A; x 10 (11)

where VIW R, is irrigation water requirement volume and 4;is irrigation command
area in hectares. The monthly water balance is calculated as:

WB, = ERA, — VIWR, (12)

where W B, is monthly water balance. A positive value indicates surplus water,
while a negative value indicates irrigation deficit.

RESULTS AND DISCUSSION
Rainfall Characteristics and Seasonal Distribution

The rainfall analysis shows a strong seasonal pattern in the tropical
agricultural catchment. High rainfall occurs during the wet months, particularly
from January to March and November to December, while lower rainfall is
observed from June to September. This seasonal distribution strongly influences
runoff generation and irrigation water availability. Wet-season rainfall provides
opportunities for runoff harvesting and water storage, whereas dry-season rainfall
is insufficient to sustain irrigation demand without supplemental storage or
improved water allocation. The result is presented in Table 1.

Table 1. Monthly Rainfall Characteristics

Month Rainfall Rainfall Condition
January 320 Very wet
February 280 Wet
March 240 Wet
April 180 Moderate
May 120 Transition
June 80 Dry
July 60 Very dry
August 50 Very dry
September 70 Dry
October 130 Transition
November 210 Wet
December 300 Very wet

The results indicate that irrigation planning in tropical agricultural
catchments should not rely only on annual rainfall totals. Although annual rainfall
may appear sufficient, the seasonal mismatch between water availability and
irrigation demand can create dry-season water stress. Therefore, monthly rainfall
distribution is a more relevant basis for sustainable irrigation management.
Rainfall-Runoff Simulation Results

The rainfall-runoff simulation shows that runoff generation increases
during high rainfall months and decreases sharply during dry months. The highest
runoff occurs in January, February, and December, while the lowest occurs in July
and August. This confirms that rainfall is the dominant input controlling surface
runoff, but runoff response is also affected by catchment retention and initial
abstraction. The result is presented in Table 2.
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Table 2. Monthly Rainfall-Runoff Simulation Results

Month Rainfall Runoff Runoff Volume Hydrological
Status
January 320 185 High Wet-season
surplus
February 280 150 High Wet-season
surplus
March 240 120 Moderate Safe
April 180 75 Moderate Transition
May 120 38 Low Early deficit
June 80 15 Very low Deficit
July 60 8 Very low Critical
August 50 5 Very low Critical
September 70 10 Very low Deficit
October 130 45 Low Recovery
November 210 95 Moderate Safe
December 300 170 High Surplus

The results demonstrate that runoff response is not fully proportional to
rainfall. During wet months, rainfall exceeds the initial abstraction and retention
capacity, leading to higher runoff. During dry months, rainfall may be largely
absorbed by soil and catchment storage processes, resulting in very low runoff
availability. This seasonal runoff pattern has direct implications for irrigation
planning, especially in catchments where dry-season water supply depends on
stored wet-season runoff.

Runoff Coefficient and Catchment Response

The runoff coefficient analysis provides insight into how efficiently rainfall
is transformed into surface runoff. High runoff coefficients are observed during wet
months, while low coefficients occur during dry months. This indicates that the
catchment produces more usable surface water when rainfall exceeds the storage
and infiltration thresholds (Wasko & Guo, 2022), as shown in Figure 2.

Rainfall and Runoff (mm)
Runoff Coefficient
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Figure 2. Monthly Rainfall-Runoff Response and Catchment Behavior
The runoff coefficient ranges from 0.10 to 0.58, indicating substantial
seasonal variation in catchment response. High runoff response during January,
February, March, and December suggests strong potential for runoff harvesting. In
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contrast, the low runoff coefficients during June to September indicate that rainfall
during these months contributes little to surface water availability. These findings
emphasize the importance of wet-season storage to support irrigation during dry
months.

Effective Runoff Availability for Irrigation

Effective runoff availability is the portion of simulated runoff that can be
used for irrigation after accounting for storage or conveyance efficiency. This
component is important because not all generated runoff can be directly utilized.
Some water may be lost through seepage, evaporation, uncontrolled drainage, or
conveyance inefficiency.

The water balance results show that surplus occurs mainly during January,
February, March, November, and December. Deficit conditions occur from April
to October, with the most critical deficits observed from June to September. The
result is presented in Table 3.

Table 3. Effective Runoff Availability and Irrigation Demand

Effective Irrigation Water
Month Runoff Status
o Demand Balance
Availability
January 296 180 +116 Surplus
February 260 190 +70 Surplus
March 220 210 +10 Safe
April 170 220 -50 Mild deficit
May 125 230 -105 Deficit
June 90 240 -150 Critical
July 70 250 -180 Critical
August 60 245 -185 Critical
September 85 230 -145 Critical
October 135 220 -85 Deficit
November 205 200 +5 Safe
December 285 185 +100 Surplus

Based on the results in Table 3, this pattern indicates that irrigation
sustainability is not determined solely by total annual runoff but by the timing of
effective runoff availability relative to crop water demand.

Irrigation Sustainability Index (ISI)

The Irrigation Sustainability Index was calculated to assess the extent to
which effective runoff availability meets irrigation water demand. Higher ISI values
indicate better irrigation sustainability, while lower values indicate stress or critical
water shortage, as shown in Figure 3.
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Figure 3. Monthly Effective Runoff Availability, Irrigation Demand, and ISI

The ISI results show that irrigation is highly sustainable during January,
February, and December. Sustainable conditions are observed in March and
November, while April is moderately stressed. May and October are classified as
stressed, whereas June to September are categorized as critical. These findings
indicate that the main irrigation challenge occurs during the dry season, when
effective runoff availability is far below irrigation demand.
Surplus-Deficit Ratio and Management Implications

The surplus—deficit ratio provides a relative measure of water surplus or
shortage compared with irrigation demand. Positive values indicate surplus
conditions, while negative values indicate deficit conditions. The result is presented
in Table 4.

Table 4. Surplus—Deficit Ratio and Management Priority

Month SDR Condition Management Priority
January +0.64 Surplus Runoff harvesting
February  +0.37 Surplus Storage optimization

March +0.05  Near balanced Maintain allocation

April -0.23 Mild deficit Flexible scheduling

May -0.46 Deficit Rotational irrigation
June -0.63  Critical deficit Priority allocation
July -0.72  Critical deficit Crop calendar adjustment
August -0.76  Critical deficit Emergency water control
September  -0.63  Critical deficit Supplemental irrigation
October -0.39 Deficit Irrigation efficiency improvement
November  +0.03  Near balanced Recovery allocation
December  +0.54 Surplus Water storage preparation

The SDR analysis confirms that the catchment has strong surplus potential
during wet months but severe water stress during dry months. Therefore,
sustainable irrigation management should emphasize seasonal redistribution of
water. Excess runoff during wet months should be captured and stored to support
irrigation during critical dry months. This can be achieved through farm ponds,
small reservoirs, canal storage, recharge structures, and improved conveyance
systems.
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Sustainable Irrigation Water Management Strategy
Based on the rainfall-runoff simulation, runoff coefficient, ISI, and SDR
results, several management strategies can be formulated. The result is presented in
Table 5.
Table 5. Recommended Sustainable Irrigation Management Strategies

Hydrol_oglcal Main Problem Recommended Strategy
Condition
High runoff Excess wet-season runoff Runoff harvesting and
coefficient storage
Moderate runoff Transition-season uncertainty ~ Flexible irrigation
response scheduling
Low runoff Limited surface water Supplemental storage use
coefficient generation
Stressed ISl Demand exceeds effective Rotational irrigation
runoff
Critical ISl Severe dry-season deficit Crop calendar adjustment
Negative SDR Unsustainable water balance Priority-based allocation
High conveyance Inefficient distribution Canal lining and gate
loss control
Seasonal mismatch ~ Water surplus and demand Synchronization of
occur at different times planting calendar

These strategies show that sustainable irrigation management must be based
on catchment hydrological behavior rather than fixed irrigation schedules alone.
The proposed framework enables irrigation managers to determine when to harvest
runoff, when to reduce irrigation, and when to adjust crop calendars to match water
availability.

CONCLUSION

This study developed a rainfall-runoff simulation framework for sustainable
irrigation water management in tropical agricultural catchments. The framework
integrates rainfall characterization, SCS-CN runoff estimation, runoff coefficient
analysis, effective runoff availability, irrigation water requirements, water balance,
surplus—deficit ratio, and the Irrigation Sustainability Index. The results show that
runoff generation is highly seasonal, with high runoff response during wet months
and low runoff availability during dry months.

The runoff coefficient analysis indicates that wet months provide strong
potential for runoff harvesting, while dry months generate limited usable surface
water. The water balance and Irrigation Sustainability Index show that irrigation
conditions are highly sustainable during wet months, sustainable or near-balanced
during transition months, and critical during the dry season. These findings
demonstrate that sustainable irrigation management in tropical agricultural
catchments requires seasonal water redistribution, storage optimization, rotational
irrigation, crop calendar adjustment, and improved conveyance efficiency.

The proposed framework provides a practical decision-support tool for
irrigation managers, watershed planners, and policymakers. It can help identify high
runoff-harvesting periods, critical deficit months, and suitable management
interventions. Future studies should apply the framework using long-term observed
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rainfall, discharge, land use, soil, and crop data, and should validate the simulation
results across different tropical agricultural catchments to improve model
robustness and transferability..
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