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Abstract

Rainfall deficits and erratic dry spells pose major challenges in rainfed ecosystem. In-situ
moisture conservation practices (MCP) like ridge–furrow methods, improve soil mois-
ture but are inadequate during 2–3 week dry spells at critical crop stages (flowering and
maturity), leading to yield loss. Supplemental irrigation (SI) using an ex-situ rainwater
harvesting (RWH) pond can mitigate these effects, but optimizing the pond design is chal-
lenging due to limited runoff and storage losses. This study aims to design RWH pond for
small farm holders with a 1.0 ha area and evaluate its efficient use for SI during intermittent
dry spells and critical crop stages. The design volume was estimated using the SCS-CN
method based on daily rainfall data (1974–2010) for the northeast monsoon. A pond with
a capacity of 487.5 m3, constructed for a 1 ha micro-watershed, was used to observe the
runoff for design validation. The harvested runoff can be used as SI for a cultivable area of
0.4 ha, based on the watershed-to-cultivable area ratio. Statistical analysis of observed and
estimated runoff data from 2011 to 2023 revealed a strong correlation (r = 0.87), confirming
the pond design. Harvested rainwater, applied through micro-irrigation (rain gun) at a
depth of 50 mm during moisture stress periods, significantly improved cotton productivity.
The combined use of harvested rainwater and MCP increased yield in the range of 3.8 to
25.3%, improved rainwater use efficiency (1.52 to 3.13 kg ha−1 mm−1), and had a higher
benefit-cost ratio (1.15 to 2.43) over a 13-year period. This study concludes that integrating
in-situ MCP with ex-situ RWH with micro-irrigation significantly improves rainfed crop
productivity in vertisols.

Keywords: cotton (Gossypium herbaceum); ridge–furrow moisture conservation practice; SCN-
CN method; ex-situ rainwater harvesting; rainwater use efficiency; supplemental irrigation

1. Introduction
According to the latest estimates, global rainfed croplands covered about 1.75 billion

ha by the end of the last millennium—approximately 5.5 times larger than the world’s
irrigated areas [1]. Rainfed agriculture thus plays a critical role in global food production,
constituting 80% of the world’s cropland and contributing more than 60% of global cereal
grain output. It not only supports rural livelihood but also supplies food to growing
urban populations [2–4].
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Globally, India ranks first in both land area and the production of rainfed crops. Of
the estimated net cultivated area of 140.3 million ha, approximately 79.44 million ha (57%)
are rainfed, contributing significantly to 44% of the total food grain production [5]. Rainfed
agriculture is vital for supporting nearly 40% of India’s population, 80% of its horticulture,
and 60% of its livestock [6]. Coarse cereals, pulses, oilseeds, and cotton are the main crops
grown in these rainfed regions.

Rainfed agriculture, despite its significant potential for crop production, faces several
challenges. These include inadequate soil moisture, suboptimal field practices, uneven rain-
fall distribution, limited cultivation of high-yielding varieties, slow adoption of advanced
technologies, high cultivation costs, and migration of labor. Soil-related issues such as high
soil temperature, soil degradation, poor water infiltration, low water retention capacity,
excessive surface runoff, and high evaporation losses further exacerbate the situation [7].
Even a slight deflection of one standard deviation from the average annual rainfall can
lead to complete crop failure [8]. Hence, rainwater management is considered essential
for the sustainability of rainfed agriculture. Research shows that only 10 to 30% of rainfall
is efficiently utilized for plant transpiration and growth [9,10]. To achieve optimal crop
yields in rainfed regions, it is crucial to effectively harvest rainwater, either by capturing
moisture within the soil profiles (in-situ method) or by storing excess surface runoff for
later use (ex-situ method). To improve the utilization of rainfall and enhance crop produc-
tivity within the field, a variety of in-situ soil moisture conservation practices (MCP), such
as the ridge–furrow method, broad bed and furrow, compartmental bunding, mulching,
contour farming, and water retention techniques are employed at the farm level. These
practices help to maximize the benefits of rainwater and reduce the vulnerability of crops to
water stress [4,11,12].

The ex-situ rainwater harvesting (RWH) system through ponds is a highly effective
practice for boosting productivity in rainfed agriculture. Studies have shown that collecting
on-farm runoff in excavated ponds and providing supplemental irrigation can significantly
improve crop yields and stabilize production [13]. These ponds enable farmers to manage
dry spells by utilizing stored water during critical periods [14]. The design of pond
capacity is determined by factors such as design rainfall, crop water needs during critical
growth stages, and potential losses from seepage and evaporation. For regions with an
average annual rainfall of 500 to 750 mm, farm ponds with a capacity of 500 m3 are
recommended [15]. In areas with rainfall exceeding 750 mm, especially in black soil regions,
farm ponds with capacities ranging from 500 to 1000 m3 can be built without lining [14].
There are significant opportunities to capture excess runoff in rainfed areas across various
states in India [16].

The primary cause of crop failure or reduced yields in rainfed agriculture is the
occurrence of mid-season and terminal dry spells, lasting 1 to 3 weeks, which disrupt soil
moisture profiles. Supplemental irrigation (SI) provides small amounts of water to rainfed
crops using micro-irrigation systems during dry spells, ensuring sufficient moisture in
the root zone for steady growth and yield stability [17–19]. This practice is employed to
mitigate the adverse effects of irregular rainfall on rainfed crops [20–22]. SI relies on water
stored in small ponds near the fields. By capturing surplus rainfall and storing it in ponds
during the rainy season, this water can be used for SI, combined with better agronomic
practices to improve agricultural productivity in rainfed areas [23]. This approach helps to
mitigate the impact of prolonged dry spells and creates opportunities for regions vulnerable
to rainfall variability [9]. Using SI in combination with rainwater not only increases crop
yields but also improves water productivity [17,20,24]. Research shows that SI ranging
from 50 to 200 mm per season (equivalent to 500 to 2000 m3 per ha) is effective in reducing
yield losses caused by dry spells in most years under rainfed conditions [16]. Pandey
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et al. found that developing smaller ponds for dry spell mitigation significantly boosted
crop yields [25].

Studies have shown that providing SI during dry periods at various crop growth stages
can improve yields by 29% to 114% for different crops [1,26]. Panigrahi et al. indicated
that SI in a rice–mustard cropping system in India is an economically viable strategy for
enhancing the livelihood of smallholder farmers [27]. Ilbeyi et al. found that applying
a cubic meter of water through SI at the optimal time with proper management could
result in an additional 2.0–3.5 kg of grain compared with solely rainfed production [28].
Additionally Osman et al. concluded that small brick and cement mortar-lined ponds are
ideal for small farmers with up to two ha of land, offering the potential for a 30% increase
in net income through SI for tobacco cultivation [29].

While SI has proven effective in alleviating the effects of dry spells, it also faces several
challenges. These include difficulties in accurately planning the timing and depth of water
application, the absence of a fixed irrigation schedule due to reliance on rainfall, and the
challenge of retaining water amid significant seepage and evaporation losses [30,31]. Also,
understanding meteorological factors such as dry spells, late onset, early cessation, and
length of growing period at the local level is essential for effectively planning SI [32]. The
depth of water provided through SI alone is insufficient to fully sustain economic crop
production. Nonetheless, SI helps reduce the impact of critical water shortages. Although
there is extensive research on runoff harvesting, there is limited data focusing specifically
on SI for rainfed crops. This study investigates potential solutions to these challenges,
particularly for small-scale farmers in rainfed agriculture. When a pond is constructed in
the field of a small-scale farmer, it occupies a portion of the land, making it unavailable for
cultivation. Narsimlu et al. designed RWH ponds for semi-arid regions of Rajasthan, India,
to support SI for maize during the kharif and coriander during the rabi season [33]. They
emphasized that designing location specific RWH ponds for small-scale farmers involves
significant challenges, with up to 2 to 4% of the land being allocated for the RWH structure.
Hence, designing a RWH pond suitable for a small agricultural watershed, assessing water
availability, and ensuring the effective utilization of harvested water is essential to address
the critical research gap in managing moisture stress during dry spells, particularly where
in-situ rainwater is insufficient to support the rainfed crops through to maturity.

Among the rainfed crops, cotton is predominantly cultivated in the rainfed regions of
Southern Tamil Nadu. In India, the average cotton yield is about 500–600 kg ha−1, while
in Tamil Nadu, it ranges from 450 to 550 kg ha−1. However, the potential yield can reach
1500 kg ha−1 in India and 1200 kg ha−1 in Tamil Nadu with the adoption of improved
cultivation practices [34]. Rainfed cotton, typically grown in areas receiving 500–1200 mm
of annual rainfall, has a crop duration of 150–180 days. Although yields under rainfed
conditions are generally lower, adopting climate-resilient seed varieties, efficient irriga-
tion, and integrated pest management can enhance productivity by 30–50%. SI during
critical growth stages has also been shown to significantly improve yield outcomes in
these regions [34].

With this background in view, the present study aimed to (i) design a RWH pond for
an agricultural micro-watershed, (ii) validate the design using observed runoff data, and
(iii) evaluate the effectiveness of an integrated approach that combines in-situ MCP with
ex-situ harvested water application for SI. The focus of this study was also on assessing the
impact of this strategy on crop yield and water productivity for rabi cotton grown in the
vertisols of Southern Tamil Nadu, India.
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2. Materials and Methods
2.1. Concept of This Study

The conceptual model of this study focuses on harvesting surface runoff from a small
agricultural watershed and storing it in a RWH pond located within the same micro-
watershed. After accounting for storage and conveyance losses, the stored water is evalu-
ated for its potential reuse as SI in the cultivable areas, aiming to reduce soil moisture stress
and enhance crop yield and water productivity. To ensure effective rainwater management,
in-situ moisture conservation is practiced during the rainy season, while ex-situ harvested
water is used during dry spells. This integrated approach, combining in-situ and ex-situ
strategies, is designed to improve water use efficiency and support sustainable crop produc-
tion. The feasibility of this system is assessed by quantifying runoff for pond design, which
includes determining the suitable watershed and cultivable area sizes. The cultivable land
falls within the same micro-watershed, following methodologies by Shirahatti et al. [35]
and Narsimlu et al. [33]. The conceptual framework for the RWH system is depicted
in Figure 1.

Figure 1. Conceptual model of rainwater harvesting, storage, and cultivable area for the agricultural
micro-watershed. Watershed area 1.0 ha out of which F. No. 36 is 6000 m2 with tree crops and F. No.
35 is 4000 m2 with cultivable area.

2.2. Research Framework

The research framework comprises several key components as follows: (i) analyzing
rainfall pattern in the study area; (ii) determining design rainfall through probability and
frequency analysis of seasonal rainfall occurrence; (iii) estimating runoff using the Soil
Conservation Society-Curve Number (SCS-CN) method based on long-term daily rainfall
data; (iv) establishing watershed-to-cultivable area ratios; (v) designing and constructing
a RWH pond, measuring runoff directed into the pond during various rainfall events,
comparing estimated and observed runoff using the statistical measure; (vi) analyzing the
water balance components of the pond and soil water content, and reusing stored water
from the pond for cotton cultivation during soil moisture deficit periods. Figure 2 shows
the flow diagram outlining the research stages involved in the design of RWH pond and its
reuse strategy.

2.3. Study Area and Climate

This study was carried out at the Agricultural Research Station (ARS) in Kovilpatti,
located in the Thoothukudi district of Tamil Nadu, India, representing the southern zone
of Tamil Nadu, with a semi-arid (hot dry) climate, and vertisols under the major produc-
tion system of dryland cotton. Kovilpatti is a distinctive location known for its dryland
agriculture, making it an ideal site for research in semi-arid crops (Figure 3). It is situated
at latitude of 9◦10′2.69′′ N, longitude of 77◦52′36.29′′ E, and an average elevation of 90 m
above mean sea level. Most of the crops are cultivated under a rainfed situation during



Water 2025, 17, 3034 5 of 29

NEM (rabi season). The agro-climatic region of Kovilpatti is characterized by a semi-arid
tropical climate. The long-term average annual rainfall is 720.2 mm, with NEM accounting
for the main contribution of 388.8 mm. The annual maximum temperature during the year
ranges from 30.4 ◦C to 38.2 ◦C and minimum temperature from 19.0 ◦C to 25.2 ◦C. The an-
nual maximum and minimum mean daily temperature are 35 ◦C and 22.9 ◦C, respectively.
The mean annual relative humidity is 79% and the annual mean duration of sunshine is
7.1 hour day−1. The mean annual evaporation rate is 7 to 8 mm day−1 and the annual
mean daily wind velocity is 9 km hour−1 [36].

Figure 2. Flow diagram for rainwater harvesting pond design and reuse strategy.

Figure 3. Location of the study area.
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2.4. Description of Agricultural Watershed

This study considers an agricultural micro-watershed covering an area of 10,000 m2,
and estimates the runoff received from this watershed for the construction of RWH pond.
This watershed is situated in field no. 35 and 36 at the northern boundary of Black Soil
Farm at ARS in Kovilpatti. It is an elongated rectangular shape measuring 200 m in length
and 50 m in width. The specific characteristics of this agricultural micro-watershed are
detailed in Table 1.

Table 1. Characteristics of the agricultural micro-watershed.

Sl. No. Characteristics Value Sl. No. Characteristics Value

1 Watershed area 1.0 ha 7 Relief ratio 0.01
2 Perimeter 500 m 8 Relative relief 0.004
3 Length 200 m 9 Elongation ratio 0.564
4 Width 50 m 10 Compactness coefficient 1.41
5 Shape factor 0.25 11 Land management Outward sloping
6 Watershed relief 1.8 m 12 Land use Agriculture

A shape factor of 0.25 indicates a more elongated watershed, often associated with
higher peak flow and faster runoff potential. Lower values of watershed relief, relief ratio,
and relative relief suggest a reduced potential for soil erosion. An elongation ratio of
0.564 indicates a moderately elongated watershed shape, while a compactness coefficient
of 1.41 confirms that the watershed is somewhat elongated, differing from a perfectly
circular form.

2.5. Rainfall Pattern in the Study Area

To understand the rainfall pattern, monthly rainfall data collected from the ARS,
Kovilpatti over a period of 50 years (1974–2023) were utilized for this study. The monthly
rainfall series was further categorized into the southwest monsoon (SWM) from June to
September, the northeast monsoon (NEM) from October to December, winter from January
to February, and summer from March to May, as well as an annual rainfall series for analysis
purposes. The basic statistical properties, including mean, standard deviation, coefficient
of variation, skewness, and kurtosis were computed [37].

2.6. Design Rainfall

Design rainfall is the amount of rainfall during the cropping season that ensures
enough surface runoff to satisfy crop water requirements [7]. If actual rainfall falls below
this amount, crops may face moisture stress. Conversely, if rainfall exceeds the design
amount, excess runoff could damage water harvesting structures. The design rainfall is
determined through probability analysis, which calculates the likelihood of certain rainfall
levels. A higher probability indicates a more reliable chance of generating runoff for
farm ponds [7]. The percent chances of expected rainfall for different time series with
different probability by using the Weibull technique and the return period were calculated
for seasonal rainfall [38,39]. Since NEM rainfall is more critical than annual rainfall for
pond design, all the analyses were conducted on a NEM basis.

2.7. Runoff Computation by SCS-CN Method

The SCS-CN method [40] is used to estimate runoff for designing small soil and
water conservation structures. Runoff is calculated using daily rainfall data, land use
and its distribution, the hydrologic groups of soils based on infiltration rates within the
micro-watershed, and the antecedent moisture condition (AMC) of the watershed. The



Water 2025, 17, 3034 7 of 29

AMC is determined by the total rainfall over the five days preceding the considered
rainfall event [40].

This method estimates direct runoff (depth) (Q) or rainfall excess on a storm basis.
It relies on the watershed’s potential maximum retention (S), which is influenced by the
watershed’s wetness—specifically AMC and the physical characteristics of the watershed.
Runoff depth is estimated by Equation (1) [14].

Q =
(P − 0.2S)2

P + 0.8S
(1)

where Q is the runoff depth, mm. P is the daily rainfall, mm. S is the potential maxi-
mum retention of soil, mm. It is determined by selecting the curve number for differ-
ent land uses in a micro-watershed. Equation (2) estimates S by selecting CN from the
standard Table [14].

CN =
25400

254 + S
(2)

Initial abstraction in mm is related to S for different soil types. For black soils, the
initial abstraction is 0.2S.

CN values are selected based on different land use types and hydrologic soil groups,
and are applied to AMC II, which represents average moisture conditions. Correction
factors are then applied to adjust CN values for AMC I and AMC III, corresponding to
dry and wet conditions, respectively. Long-term daily rainfall data for October, November,
and December from 1974 to 2010 are used to estimate runoff during the NEM season. The
runoff calculation procedures follow the methodology outlined by Reddy et al. [14], with a
similar approach adopted from USDA, Maheshwarababu et al., and Rai and Dubey [41–43].

2.8. Determination of Cultivable Area

The cultivable area refers to the portion of watershed that can be irrigated using
runoff water harvested from within the 10,000 m2 watershed. The rainfall multiplication
factor is used to scale the watershed area to determine the size of the cultivable area. This
factor defines the relationship between the watershed area and the cultivable area, thereby
determining the ratio between them [44].

The cultivable area was determined based on factors that included the availability of
runoff water in the pond, crop water requirement, design rainfall, runoff coefficient, and
an efficiency factor. Crop water requirements were calculated using pan evaporation data
for the crop period and design rainfall was estimated through probability analysis. Black
soils with mini catchments of 1 to 5 ha typically exhibit a runoff coefficient of 10 to 20%
under mild to medium slopes (1–10%) [15]. However, in this study, the runoff coefficient
was determined based on rainfall that generated runoff, calculated using the CN method.
An efficiency factor of 0.75 was applied to account for the uneven distribution of water
in micro-catchments [14]. It adjusted the calculation to reflect actual water availability,
considering variations in soil, topography, and water collection systems.

2.9. Design and Construction of RWH Pond

To design a pond, information on the hydrological characteristics of the micro-
watershed area, the rainfall–runoff relationship, water requirement, and expected seepage
and evaporation losses is essential. The primary consideration in design is to ensure ade-
quate water for SI at minimal cost. Generally, in the black soil regions of the Deccan Plateau,
a storage capacity of 250 m3 per 10,000 m2 of catchment area is recommended [15].

In this study, the average seasonal runoff during the NEM season was estimated based
on a 50% probability with a 2-year return period, accounting for 10% water loss due to
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evaporation and seepage. The total harvestable rainwater was then calculated. Accordingly,
the pond’s dimensions, shape, side slopes, and water control structures, including the inlet,
silt trap, and outlet, were designed and the pond was subsequently constructed.

To validate the design capacity of the RWH pond, observed runoff data were collected
from 2011 to 2023 by monitoring changes in water levels and the volume of runoff entering
the pond. These observations were used to compare with the estimated runoff derived using
the CN method. The comparison was evaluated using statistical measures including mean
absolute error (MAE), root mean square error (RMSE), relative absolute error (RAE), and
correlation coefficient (r). The graphical representation of estimated and observed runoff
compares predicted and measured values over time. A significant positive correlation (e.g.,
values closer to 1) indicates that the estimated runoff closely matches the observed runoff,
suggesting model accuracy. Conversely, a lower correlation may point to discrepancies
or areas for model improvement. A rainfall–runoff relationship was developed to predict
runoff for forecasted seasonal rainfall aiding in crop planning and assessing the feasibility
of providing SI during periods of moisture stress.

2.10. Reuse of Harvested Rainwater Water Through Supplemental Irrigation (SI)

To evaluate the feasibility of providing SI from the pond for reutilization of harvested
rainwater and enhancing water productivity, an experiment was conducted in the cul-
tivable area within the agricultural micro-watershed from 2011 to 2023. The size of the
cultivable area, initially determined using the watershed-to-cultivable area ratio, was fur-
ther validated by cultivating a crop and assessing water availability in the pond. This
assessment was based on a water balance analysis that accounted for key components,
including evaporation and seepage losses.

2.10.1. Water Balance Analysis of RWH Pond

To assess the availability of harvested runoff in the pond, a daily water balance analysis
was conducted for RWH pond within a micro-watershed after runoff water was collected
in the pond. The key components of the water balance equation include rainfall as input,
water losses as output, and the resulting water availability [45,46]. The pond water balance
Equation (3) is as follows:

R = E + S + U + D − O (3)

where R is the harvested runoff water in the pond (m3); E is the quantity of water lost
through evaporation (m3); S is the quantity of water lost through seepage (m3); U is the
quantity of water used for irrigation (m3); D is the dead storage in the pond at the end of
the season/crop period (m3); O is the overflow from the pond (m3).

Due to the small size of the pond, direct rainfall was not considered because its
contribution was minimal. Daily evaporation data from a pan evaporimeter were used
to estimate daily evaporation losses, calculated by multiplying the daily evaporation rate
by the pond’s surface area. Changes in water level, daily evaporation (in mm), water
availability in the pond, and water used for SI were recorded. Based on these records, the
water balance components were calculated.

2.10.2. Field Evaluation and Experimental Details for Reusing Harvested Water

The experiment involved cotton cultivation with two distinct treatments: (i) providing
SI to the rainfed crop and (ii) maintaining a purely rainfed crop. Cotton was grown with a
seed rate of 20 kg ha−1 and a spacing of 45 × 15 cm with the cultivable area sized at 80 m
in length and 50 m in width. Prior to cultivation, the field was thoroughly prepared with
one round of disc ploughing, followed by two rounds of tilling with a cultivator. An in-situ
MCP of ridges and furrows was formed, with 45 cm spacing, forming 10 m long rows using
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a ridger. Seeds were manually dibbled at a depth of 3–5 cm, and placed along the ridge at
two-thirds of the ridge height to maintain the recommended row-to-row and seed-to-seed
distances. Crop management and crop protection measures were adopted following the
guidelines of crop production of the State Department of Agriculture [47].

2.10.3. Initial Soil Properties of the Experimental Area

The experimental site is located in Kovilpatti, a region characterized by vertisol tracts
that cover approximately 70% of the total area in Thoothukudi district, Southern Tamil
Nadu. Taxonomically, this soil is classified under the USDA system as fine, smectitic,
and isohyperthermic, belonging to the Typic Haplusterts family [48]. These soils are very
deep, with depths ranging from 110 to 150 cm. During periods of moisture stress, the soil
develops typical cracks that are at least 1 cm wide and extend to a depth of more than
50 cm. The soil exhibits a sub-angular blocky structure, and a clayey structure with neutral
to slightly alkaline pH at lower depths. The soil is characterized by low available nitrogen
(N), with values less than 280 kg ha−1, medium available phosphorus (P) ranging between
11 and 22 kg ha−1, and high available potassium (K) exceeding 280 kg ha−1. The soil
characteristics of the study area are listed in Table 2.

Table 2. Soil characteristics of the study area.

(A) Physical Properties (B) Chemical Properties

(a) Texture

Clayey

(a) pH 7.9
clay = 61.2%
silt = 17.5%

sand = 21.3%
(b) Depth 190–200 cm (b) EC 0.21 dS m−1

(c) Field capacity 35% (c) Available N 123 kg ha−1

(d) Wilting point 14% (d) Available P 11.2 kg ha−1

(e) Bulk density 1.36 kg m−3 (e) Available K 472 kg ha−1

(f) Infiltration rate 9 mm hour−1 (f) Organic carbon 2.8 g kg−1

2.10.4. Pumping Device and Irrigation Equipment

A 5 HP diesel engine was used to pump harvested runoff water from the pond, with
the pump securely fixed at the pond boundary. A 75 mm diameter HDPE suction pipe
with a foot valve at its base, along with a 63 mm diameter discharge pipe, was used for
pumping. The pump had a discharge rate of 4 L s−1, with a pressure range of 2.5 to
3 kg cm−2. A rain gun irrigation system, mounted on a tripod, discharged water at
3.2 L s−1, with a wetted diameter of 20 m, covering about 1000 m2 per placement. To
irrigate the entire 4000 m2 cultivable area, the rain gun was moved four times, allowing full
coverage within 10 to 12 h to achieve a 5 cm irrigation depth. The 5 cm depth of irrigation
water was ensured based on the discharge rate of the sprinkler system and its operating
duration, allowing correct estimation of the total volume applied to the field.

2.10.5. Soil Sampling

To assess soil water content (SWC) throughout the cotton cropping period, samples
were collected at specific growth stages, viz., initial stage (1–10 days), vegetative stage
(11–44 days), flowering stage (45–87 days), and maturity stage (88–145 days). Samples were
taken at depths of 0–15 cm, 15–30 cm, and 30–45 cm, collected at the midpoint of each stage,
regardless of rainy days. SWC was measured using the gravimetric method [49], which
involved recording the initial and final weights of soil samples after oven drying. SWC was
also measured before and after the application of SI.
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2.10.6. Cotton Response to Supplemental Irrigation

Crop responses to SI from the RWH pond during moisture deficits were recorded by
recording cotton yield and calculating rainwater use efficiency. As the crops are cultivated
in rainfed regions without any additional irrigation apart from rainwater, the rainwater
use efficiency (RWUE) serves as a measure of water productivity or efficiency for a specific
treatment. Calculating RWUE involved considering the total rainwater utilized by the
crops throughout the entire growing season and its impact on crop yield for the given
treatment [50]. The calculation of RWUE follows Equation (4)

RWUE(kg/ha/mm) =
Crop Yield(kg/ha)

Cumulative depth o f rain f all(mm)
(4)

Cumulative depth of rainfall (mm) refers to the total depth of rainfall received by the crop
throughout the crop period, from sowing to harvest. In scenarios where SI was applied, the
depth of the SI would be added to the cumulative depth of rainfall.

To evaluate the economic feasibility, the benefit-cost (B-C) ratio was computed for
cotton cultivation. The cost of cultivation (CoC) includes expenses related to field prepa-
ration, inputs such as seeds, fertilizers, and plant protection chemicals, labor charges for
operations like sowing, weeding, and harvesting, as well as the cost of SI. The benefit was
calculated as the gross income, which was obtained by multiplying the cotton yield with
the market price per kg. The B-C ratio was then computed as the ratio of gross income to
CoC for the years in which SI was applied to the rainfed cotton crop.

2.10.7. Statistical Analysis

The results of field experiments were statistically analysed and treatment means were
compared using the least significant difference (LSD) test (p = 0.05). All analyses were
performed using Microsoft Excel.

3. Results and Discussion
The graphical presentation of annual and seasonal rainfall series for Kovilpatti is given

in Figure 4a–e. The statistical analysis of rainfall data is presented in Table 3. From the table
it can be seen that the average annual rainfall of Kovilpatti was 720.2 mm in 41 rainy days.
The maximum rainfall of 1175.6 mm (52 rainy days) was recorded in 2023 and minimum
rainfall of 199.6 mm (15 rainy days) was recorded in 2016. Among the different seasons, the
NEM recorded the highest rainfall with 388.8 mm over 21 rainy days, followed by the SWM
with 157.5 mm over 9 rainy days. The summer season received 141.7 mm of rainfall across
9 rainy days, while the winter season recorded the lowest, with 32.3 mm over 2 rainy days.

The maximum (220 mm) and minimum (39.2 mm) annual one-day maximum rainfalls
were recorded on 28 October 2006 and 12 September 1991, respectively. The average one-
day maximum rainfall over these 50 years was found to be 86 mm. It was observed that
11 years (22%) experienced a one-day maximum rainfall exceeding 100 mm; however, no
general trend in rainfall occurrence was noted during these years. October received the
highest amount of one-day maximum rainfall (28%), followed by November (28%). Most
of the one-day maximum rain occurred during NEM.

The coefficient of variation (CV) for annual rainfall was 28.7, indicating relatively
low variability in total rainfall over time. The CV values for summer and winter rainfall
series were higher. To assess whether the annual and seasonal rainfall data follow a
normal distribution, skewness and kurtosis were calculated. Positive skewness values in
all rainfall series indicate that the data are skewed to the right. The coefficients of skewness
for the monsoon season and annual rainfall are nearly zero, suggesting a near-normal
distribution. In contrast, the rainfall data for winter and summer seasons show greater



Water 2025, 17, 3034 11 of 29

skewness compared with the monsoon season. Kurtosis measures the peakedness or
flatness of a data series relative to a normal distribution. The positive kurtosis of the annual
rainfall time series indicates a peaked distribution, while the negative kurtosis of the SWM
indicates a flatter distribution.
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Figure 4. (a) Distribution of annual rainfall from 1974 to 2023. (b) Distribution of winter rainfall from
1974 to 2023. (c) Distribution of summer rainfall from 1974 to 2023. (d) Distribution of southwest
monsoon rainfall from 1974 to 2023. (e) Distribution of northeast monsoon rainfall from 1974 to 2023.
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Table 3. Statistical properties of annual and seasonal rainfall series of Kovilpatti.

Sl. No Time Series Mean
(mm)

Maximum
(mm)

Minimum
(mm)

Standard
Deviation

Coefficient of
Variation (%) Skewness Kurtosis

1 January 17.1 212.0 0.0 41.9 245.3 3.7 13.9
2 February 15.2 98.1 0.0 24.5 161.2 1.8 2.6
3 March 22.1 208.7 0.0 37.4 168.7 3.5 14.1
4 April 57.5 163.8 0.0 41.9 72.9 0.5 −0.6
5 May 62.0 193.9 3.1 43.8 70.7 0.9 0.4
6 June 16.9 99.4 0.0 24.0 142.0 1.8 2.9
7 July 22.7 149.0 0.0 31.0 137.0 2.1 5.1
8 August 40.5 158.6 0.0 35.2 86.9 1.0 1.2
9 September 77.4 224.2 0.8 55.6 71.8 0.7 −0.3

10 October 173.8 503.1 20.8 101.5 58.4 1.4 2.5
11 November 154.2 614.0 14.0 116.4 75.5 1.5 3.7
12 December 60.8 263.9 0.0 57.4 94.4 1.6 2.7
13 Annual 720.2 1175.6 199.6 207.0 28.7 0.0 0.0
14 SWM 157.5 321.4 18.6 75.5 47.9 0.1 −0.8
15 NEM 388.8 822.7 80.2 167.2 43.0 0.4 0.0
16 Winter 32.3 212.0 0.0 47.9 148.3 2.3 5.1
17 Summer 141.7 381.4 16.0 75.4 53.2 0.8 0.9

The annual and seasonal rainfall during the period from 1974 to 2023 showed clear
decadal variability (Figure 4a–e). From 1974 to 1983, the mean annual rainfall was moderate,
with significant contributions from both SWM and NEM. In the next decade, 1984 to 1993,
annual rainfall slightly increased, mainly due to a stronger NEM contribution. From 1994 to
2003, the annual rainfall remained stable but showed occasional peaks, with SWM slightly
weakening and NEM continuing as a major contributor. From 2004 to 2013, there was
a slight decline in annual rainfall, primarily due to reduced SWM rainfall, while NEM
maintained consistent levels. The decade from 2014 to 2023 experienced an overall increase
in annual rainfall, largely driven by intense NEM rainfall events, whereas SWM showed
irregular trends with high year-to-year variability. Winter and summer rainfall remained
relatively low across all decades, with minor fluctuations and occasional high rainfall
events in isolated years.

3.1. Design Rainfall

Small RWH structures, such as ponds, tend to fill more significantly during the
monsoon season compared with other times of the year [14]. Using annual rainfall data
for designing such ponds may lead to an overestimation of storage needs, so seasonal
rainfall data are more appropriate for accurately sizing ponds. In Kovilpatti, most of the
rainfall occurs during NEM, which is the primary contributor to seasonal rainfall. The
design’s rainfall was determined using probability analysis with the Weibull method and
frequency analysis for NEM rainfall, as shown in Figure 5. From the analysis, the following
rainfall values were observed: 266.5 mm at 75% probability (1.34-year return period),
297.3 mm at 67% probability (1.49-year return period), which is to be considered for the
design of the RWH pond, and 385.4 mm at 50% probability (2-year return period) as the
design’s rainfall. The 2-year return period, commonly recommended in rainfed regions,
offers a balanced, cost-effective, and reliable basis for the RWH design, ensuring optimal
storage under average monsoon conditions; hence, it was selected as the design rainfall
for this study [14].
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Figure 5. Probability and frequency analysis of NEM rainfall series.

3.2. Estimation of Runoff by Curve Number

For the calculation of runoff by the SCS-CN method, the 5-day antecedent consecutive
rainfall amounts were calculated, and the antecedent moisture condition (AMC) was
determined based on seasonal categories, viz., dormant season (AMC II = 12.7 to 27.9 mm)
and growing season (AMC II = 35.6 to 53.3 mm). Correction factors were applied for AMC
I (0.80) and AMC III (1.13). For AMC II, a CN of 81 was used, corresponding to seeded
legumes in straight rows, classified as hydrologic soil Group D, with low infiltration and
clay soil. For AMC I and AMC III, CN values of 64.6 and 91.8 were calculated, respectively.
Runoff-causing rainfall (RCRF) refers to the amount of daily rainfall, measured in mm, that
generates runoff during various rainfall events. The runoff coefficient was calculated as the
ratio of runoff to rainfall.

In this study, daily runoff was calculated using daily rainfall data for October, Novem-
ber, and December from 1974 to 2010. The NEM seasonal runoff was obtained by summing
the monthly runoff values. Table 4 presents the seasonal rainfall, runoff-causing rainfall,
runoff in mm, and runoff coefficient for the period from 1974 to 2010. Runoff-causing rain-
fall (RCRF) is the rainfall total that exceeds infiltration and storage depressions resulting
in direct surface runoff. From the table, it can be seen that the long-term average of NEM
rainfall from 1974 to 2010 was 392.3 mm; of this, 284.2 mm, or 72.4% of the total NEM
rainfall, was runoff-causing rainfall. The resulting runoff was 73.5 mm, which yielded a
runoff coefficient of 0.20. This indicates that 20% of the runoff-causing rainfall contributes
to actual runoff during the monsoon period.

Table 4. Estimation of runoff by the SCS-CN method from 1974 to 2010.

Year NEM, mm RCRF, mm RO, mm RC Year NEM, mm RCRF, mm RO, mm RC

1974 152.3 102.4 1.65 0.01 1993 420.6 287.4 86.53 0.30
1975 148.1 67.8 0.77 0.01 1994 458.6 363.2 95.67 0.26
1976 258.4 126.6 2.53 0.02 1995 96.4 36.8 0.54 0.01
1977 628.5 482.5 157.92 0.32 1996 543.4 446.0 186.93 0.41
1978 412.1 273.6 56.07 0.20 1997 608.7 419.2 36.67 0.08
1979 822.7 709.4 342.82 0.48 1998 452.4 378.2 119.72 0.31
1980 266.4 124.5 18.52 0.14 1999 377.9 286.1 24.39 0.08
1981 265.1 139.0 9.89 0.07 2000 289.4 201.0 33.58 0.16
1982 385.4 266.8 32.67 0.12 2001 306.2 193.6 52.92 0.27
1983 431.3 333.1 128.12 0.38 2002 289.2 186.0 45.28 0.24
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Table 4. Cont.

Year NEM, mm RCRF, mm RO, mm RC Year NEM, mm RCRF, mm RO, mm RC

1984 175.7 85.0 8.88 0.10 2003 317.5 171.7 13.44 0.07
1985 209.9 120 22.82 0.19 2004 457.7 313.8 36.5 0.11
1986 304.1 232.2 34.58 0.14 2005 468.8 336.0 66.71 0.19
1987 634.2 541.0 185.65 0.34 2006 768.9 632.6 270.8 0.42
1988 184.3 95.8 1.02 0.01 2007 423.4 318.0 91.88 0.28
1989 422.2 334.0 66.67 0.19 2008 471 427.6 104.88 0.24
1990 537.8 405.2 151.56 0.37 2009 322.6 228.8 64.24 0.28
1991 267.8 161.6 30.75 0.19 2010 587.6 459.6 115.63 0.25
1992 349 228.6 20.37 0.08 Mean 392.3 284.2 73.50 0.20

Note: RCRF—runoff causing rainfall; RO—runoff, RC—runoff coefficient.

The rainfall–estimated runoff relationship was established using Equation (5), with
a maximum regression coefficient (R2) value of 0.83. Figure 6 illustrates this relationship,
based on the SCS-CN method.

y = 0.44 x − 52.77 (5)

 

Figure 6. The rainfall–runoff relationship based on the SCS-CN method.

In this equation, x represents the runoff-producing seasonal rainfall in mm, and y
represents the seasonal runoff in mm. This equation can be used to calculate the expected
runoff for a seasonal rainfall allowing for the determination of the design storage capacity
of a RWH pond.

3.3. Determination of Cultivable Area

The crop water requirement for cotton is considered 500 mm, while the design rainfall
at a 50% probability is 385.4 mm. The runoff coefficient is 0.2 and an efficiency factor of
0.75 is applied for the micro-catchment area. The catchment area to command area ratio
is 1 ha: 0.4 ha. This implies that the catchment area (1 ha) can provide sufficient runoff to
meet the water requirements of the cultivable area (0.4 ha) considering the efficiency and
runoff coefficient values.

3.4. Determination of Pond Capacity

The pond capacity was determined based on long-term seasonal runoff values. To
estimate runoff, probability and frequency analysis was conducted [42], with the results
for runoff in cubic meters presented in Figure 7. Based on a 50% probability (2-year return
period), the harvestable rainwater was calculated to be 453 m3. After accounting for 10%
losses, the total harvestable rainwater increased to 500 m3. Similar to this work, Kulkarni
et al. standardized farm pond size with a storage capacity of 417 m3 for a 1 ha catchment
area in the Latur division of the Marathwada region, India [51].
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3.5. Construction of RWH Pond

The RWH pond was constructed during 2011. It is located at the lower most point
of the watershed in field no. 35 of ARS, Kovilpatti, so that all the runoff water drains
into the pond after satisfying abstraction losses. Based on the estimated runoff volume of
500 m3, pond capacity and dimensions were decided. A rectangular shape pond with the
dimensions of 25 m in length, 13 m in width, and 1.5 m in depth with a storage volume of
487.5 m3 was constructed with a concrete inlet and a silt trap to ensure the smooth entry
of runoff water from one ha watershed area into the RWH pond, and an outlet weir was
constructed for the safe disposal of excess runoff. The pond was lined on all sides and at
the bottom with stone and concrete in a random rubble masonry design to prevent seepage
losses (Figure 8).

 

Figure 8. Concrete-lined RWH pond.

The watershed considered in this study is a micro-sized area primarily used for
agriculture. It includes a total catchment area of 1 ha of which 0.4 ha serves as a cultivable
area. From 2011 to 2021, the watershed area was planted with fodder crops after which it
was converted to tree crops. The cultivable area meanwhile is primarily used for cotton
cultivation. During rainfall periods, particularly during NEM, in-situ moisture conservation
practices, such as field bunds for fodder crops and ridges and furrows for cotton, help
conserve rainwater within the watershed. Any runoff generated beyond these conservation
measures flows to the inlet of the RWH pond.

The cost of constructing the RWH pond included expenses for excavation, random
rubble masonry lining, and the provision of inlet and outlet structures. A detailed cost of
construction of the RWH pond is presented in Table 5, highlighting the key components
and their respective expenditures.
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Table 5. Cost of construction of RWH pond.

Sl. No. Description of Item Quantity Unit Rate, INR Amount, INR

1 Earth work excavation 487.5 m3 70 34,125
2 Random rubble masonry lining 439 m2 500 219,500
3 Inlet and outlet structure 5 m3 3000 15,000
4 Silt trap 2 m3 5000 10,000
5 Labour charges (skilled and unskilled) Lumpsum 15,000

Total cost 293,625
Note: INR—Indian rupee.

3.6. Observed Runoff

Runoff from the micro-watershed area enters the pond, with adjustments for soil
infiltration, interception, and natural depressions. Throughout the rainy season, the pond’s
water level rises incrementally with each rainfall event, allowing runoff volume to be
assessed based on these observed runoff increases. The analysis of observed runoff into
the pond includes the number of runoff-producing rainfall events, seasonal rainfall, and
the resulting rainfall–runoff relationship and runoff coefficient calculated for the years
2011 to 2023.

The details of rainfall, rainy days, and deviation from normal rainfall (%) for annual
and NEM series from 2011 to 2023 is presented in Table 6. During this period, six years
experienced excessive annual rainfall, ranging from 6.69% to 59.29% deviations above
the normal rainfall, while seven years saw excessive seasonal rainfall, with deviations
ranging from 5.99% to 75.52% above normal. In contrast, seven years recorded deficit
annual rainfall, with the highest deficit reaching 72.96%. Notably, in 2016, only 80.2 mm
of NEM rainfall was recorded, which was 79.83% below the normal rainfall and was a
drought year.

Table 6. Rainfall details for annual and NEM series from 2011 to 2023.

Year

Annual Series NEM Series

Rainfall, mm Rainy Days Deviation from
Normal, % Rainfall, mm Rainy Days Deviation from

Normal, %

2011 787.6 42 +6.69 503.4 22 +26.61
2012 392.9 23 −46.78 228.3 14 −42.58
2013 421.3 28 −42.93 252.8 17 −36.42
2014 666.8 48 −9.67 301.2 26 −24.25
2015 988.6 52 +33.92 476.1 27 +19.67
2016 199.6 15 −72.96 80.2 7 −79.83
2017 801.7 36 +8.60 421.4 17 +5.99
2018 410.6 34 −44.38 213.9 19 −46.2
2019 668.1 46 −9.50 426.4 28 +7.24
2020 905.6 47 +22.68 474.3 26 +19.04
2021 914.7 60 +23.91 532.3 29 +33.88
2022 727.9 45 −1.40 318.1 17 −19.99
2023 1175.6 52 +59.25 693.9 25 +74.52

Note: Excess (+)/Deficit (−).

The rainfall patterns directly impact the runoff generated from the micro-watershed
area which flows into the pond. Table 7 provides the estimated and observed runoff data
for the period from 2011 to 2023. Figure 9 illustrates the runoff causing rainfall–observed
runoff relationship for the period 2011–2023.



Water 2025, 17, 3034 17 of 29

Table 7. Estimated and observed runoff for the period from 2011 to 2023.

Estimated Runoff by SCS CN Observed Runoff

Year NEM, mm RCRF, mm RO, mm RC RCRF, mm RO, mm RC

2011 503.4 362.2 115.15 0.31 244.6 56.5 0.23
2012 228.3 162.1 72.07 0.44 81.8 32.6 0.40
2013 252.8 175.8 18.51 0.10 105.8 33.8 0.32
2014 301.2 148.4 2.58 0.01 63.6 20.4 0.32
2015 476.1 338.6 56.85 0.16 102.9 18.8 0.18
2016 80.2 30.2 0.03 0 0 0 0
2017 421.4 329.2 72.53 0.22 282.4 26.8 0.09
2018 213.9 136.0 15.88 0.12 0 0 0
2019 426.4 255.1 32.56 0.12 144 24.2 0.17
2020 473.3 351.6 80.85 0.22 175.2 28.7 0.16
2021 532.3 411.3 100.57 0.24 188.3 51.3 0.27
2022 318.1 198.8 19.60 0.09 177.4 39.1 0.22
2023 693.9 607.3 221.85 0.36 595.3 259.4 0.44

Mean 378.6 269.7 62.2 0.18 166.25 45.51 0.22

Mean Absolute Error (MAE) 30.60

Root Mean Square Error (RMSE) 35.46

Relative Absolute Error (RAE) 0.49

Correlation Coefficient (r) 0.8725
Note: RCRF—runoff causing rainfall; RO—runoff, RC—runoff coefficient.

 

Figure 9. Rainfall–observed runoff relationship for the period 2011–2023.

The actual storage capacity of the RWH pond was 487.5 m3. Table 7 shows that
the seasonal average runoff recorded was 455 m3, with the maximum runoff amount of
2594 m3 recorded in 2023. This runoff was associated with a seasonal NEM rainfall of
693.9 mm, marking a wet year with rainfall 74.52% above the long-term average. The lowest
runoff volume of 188 m3 was recorded in 2015, despite an evenly distributed seasonal
rainfall of 476.1 mm, which was 19.67% above the seasonal average. In 2011 and 2021,
the runoff volume almost reached the pond’s full capacity, while, in 2022, the pond was
nearly 80% full. During 2012 and 2013, the pond averaged 68% of its storage capacity,
and in 2014, 2017, 2019, and 2020, the pond was filled to about 50% of its capacity. In two
years (2016 and 2018), no runoff water was harvested into the pond. Over the years, it has
been observed that the pond typically fills only once during a normal rainfall year. In rare
instances, such as in wet years like 2023, the pond has filled more than once, achieving
its highest runoff volume of 2594 m3. However, in years with low or poorly distributed
runoff such as 2016 and 2018, the pond remained unutilized. Despite the pond’s seasonal
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average runoff being close to its capacity, it typically fills only once in normal rainfall years.
Variability in rainfall distribution significantly affects water harvesting, as seen in 2015,
where above average rainfall generated the lowest runoff volume.

Excluding extreme rainfall occurrences between 2011 and 2023, the minimum runoff-
causing seasonal rainfall was 63.6 mm (NEM = 301.2 mm), producing a runoff volume
of 204 m3. The maximum runoff recorded was 487.5 m3, generated by a seasonal rainfall
of 188.3 mm (NEM = 532.3 mm). Based on the rainfall–runoff relationship, the runoff
coefficient for observed and estimated runoff was 0.22 and 0.18.

The rainfall–observed runoff relationship was established using Equation (6), with a
maximum regression coefficient (R2) value of 0.83 (Figure 9).

y = 0.39 x − 19.73 (6)

In this equation, x represents the runoff-producing seasonal rainfall in mm, and
y represents the seasonal runoff in mm. Based on the rainfall–runoff relationship, the
runoff coefficient for the observed runoff was 0.22. The graph shows a strong positive
correlation (R2 = 0.83) between rainfall and runoff, with runoff generation starting after
a threshold rainfall (~50 mm). Higher rainfall generally results in higher runoff, with
occasional variability due to external factors. This equation can be used to calculate the
expected runoff for a predicted seasonal rainfall, enabling farmers to plan crops and provide
supplemental irrigation if additional soil moisture is needed.

The RWH pond used in this study was designed to collect runoff from a 1.0 ha
agricultural watershed area, with a storage capacity of 487.5 m3, sufficient to capture the
runoff generated. The pond was designed based on the assumption of a single filling
per monsoon season, aligning its size with the watershed’s runoff potential and required
storage volume. In rare cases, such as in 2023, the maximum expected runoff from the
watershed may exceed the pond’s capacity, allowing for occasional overflow. However,
this is uncommon, and the designed capacity of 487.5 m3 is typically adequate for storing
the generated runoff. Equation (6), developed using observed runoff data over 13 years
(2011–2023), confirms that a pond volume of 487.5 m3 with dimensions of 25 × 13 × 1.5 m
with a single filling per season is well-suited for a 1 ha micro-watershed area in the semi-
arid vertisol regions of Tamil Nadu. Therefore, the existing size of pond has justified this
concept of micro-watershed area with storage volume.

3.7. Comparison of Estimated and Observed Runoff

To evaluate the accuracy of the estimated runoff values compared with the observed
values, statistical measures such as mean absolute error (MAE), root mean square error
(RMSE), relative absolute error (RAE), and correlation coefficient (r) were used. The MAE
and RMSE values suggest that the SCS-CN model’s estimates are reasonably close to the
observed data. The RAE value being less than 1 indicates a good match with observed
runoff values. Additionally, the high correlation coefficient (r = 0.8725) shows a strong
relationship between estimated and observed runoff values. A scatter plot of these values,
shown in Figure 10, displays a high coefficient of determination (R2 = 0.81) indicating
a strong alignment between estimated and observed runoff. The relatively high MAE,
RMSE, and RAE values are due to the SCS-CN model’s simplified assumptions, which
do not fully account for spatial variability in soil, land use, and infiltration. MAE and
RMSE are influenced by errors in individual events, especially extremes, while RAE reflects
cumulative deviations from observed values. These are typical in applying generalized
models to complex heterogeneous field conditions. These findings suggest that the CN
method is effective for estimating runoff and can be positively used in designing pond
storage volume. Maheshwarababu et al. and Sarkar et al. applied the SCS-CN method to
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estimate runoff from small watersheds, reporting a strong agreement between predicted
and observed runoff values [42,52].

 

Figure 10. Scatter plot of estimated and observed runoff data from 2011 to 2023.

3.8. Reuse of Harvested Rainwater for Enhancing Water Productivity

This study presents results from an experiment conducted between 2011 and 2023 to
assess the efficient use of harvested rainwater applied through micro-irrigation equipment
(rain gun) in comparison with a purely rainfed crop during the rabi season. The runoff
water that was stored within the RWH pond was utilized to provide SI to a designated area
of 0.4 ha during the water-stressed phases of the crop. To facilitate SI, a 5 HP diesel engine
with a sprinkler irrigation system fixed with a high-volume rain gun was utilized. The
pond’s stored water was harnessed for irrigation purposes when dry spells persisted for
over 7 days during the active growth stages of the crop.

A dry spell is referred to as a period of more than five days without rainfall, leading
to a soil water deficit that can cause crop water stress [33,53]. Table 8 provides details of
the dry spells that occurred during the study period from 2011 to 2023. SI was provided
to cotton when a dry spell occurred, resulting in a soil moisture deficit for the crop. In
2011, a dry spell occurred during the first standard meteorological week (SMW) at the boll
formation stage. In 2013, a dry spell was recorded from the 43rd to 46th SMW during the
vegetative stage. In 2017, a dry spell took place from the 50th to 52nd SMW, impacting the
crop from the vegetative to flowering stage. In 2020, a dry spell occurred in the first SMW,
again during the boll formation stage. Finally in 2023, a prolonged dry spell from the first
to the third SMW affected the boll formation to bursting stage. Although the remaining
excess and normal years also experienced some dry spells, SI was not required as sufficient
moisture was retained in the soil or rainwater was not available in the pond.

Table 8. Details of the dry spells occurring from 2011 to 2023 for cotton.

Year SMW From To No. of Days Cotton Crop Stage

2011
1st 01-01-2012 07-01-2012 7 Boll formation stage
6th 05-02-2012 11-02-2012 7 Maturity stage

2012 46th to 51st 12-11-2012 23-12-2012 42 Flowering to boll development stage
2013 43rd to 46th 22-10-2013 18-11-2013 28 Vegetative stage

2014
45th to 46th 05-11-2014 18-11-2014 14 Vegetative to flowering stage
1st to 6th 01-01-2014 11-02-2014 42 Maturity stage

2015 42nd to 43rd 15-10-2015 28-10-2015 14 Vegetative to flowering stage

2016 41st to 52nd & continuous
dry spell

08-10-2016 31-12-2016 85 Vegetative to maturity stage
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Table 8. Cont.

Year SMW From To No. of Days Cotton Crop Stage

2017 50th to 52nd 10-12-2017 31-12-2017 22 Vegetative to flowering stage
2018 48th to 52nd 26-11-2018 31-12-2018 36 Vegetative to flowering stages
2020 40th to 43rd 01-10-2020 28-10-2020 28 Germination stage

1st 01-01-2021 07-01-2021 7 Boll formation stage
2021 51st to 4th 08-12-2021 28-01-2022 52 Flowering stage to maturity stage

2022 50th to 7th 10-12-2022 18-02-2023 71 Boll bursting stage
Maturity stage

2023 44th to 45th 29-10-2023 11-11-2023 14 Early vegetative stage
1st to 3rd 01-01-2024 21-01-2024 21 Boll formation stage

3.8.1. Water Balance Analysis of RWH Pond

The detailed water balance analysis of the RWH pond is provided in Table 9. During
the season, runoff was directed into the pond by 4–5 major rainfall events. The last
runoff-causing rainfall events for the years when SI was applied occurred on 27-11-2011,
22-10-2013, 08-12-2017, 19-11-2020, and 18-12-2023. Following these events, SI was provided
during critical crop growth stages subject to the water availability in the pond. In 2011, 200
m3 of SI was applied on 02-01-2012 and 07-02-2012, covering the boll formation to bursting
stage. In 2013, 176 m3 was provided on 25-10-2013 and 11-11-2013 during the vegetative
stage. In 2017, 100 m3 was applied on 27-12-2017 at the flowering stage. In 2020, 200 m3

was provided on 18-01-2020 during the boll formation stage, and, in 2023, 200 m3 was given
on 24-01-2024, again covering the boll formation to bursting stage.

Table 9. Water balance analysis of RWH pond.

Year Capacity of
the Pond, m3

Rainfall
Received During

NEM, mm

Runoff
Collected, m3

Quantity of
Water

Used, m3

Water Lost
Through

Evaporation, m3

Water Lost
Through

Seepage, m3

Dead Storage at the
End of the Season/

Period, m3

2011 487.5 503.4 487.5 200 183.5 50 54
2012 487.5 228.3 326 - 284 42 -
2013 487.5 252.8 338 176 123 39 -
2014 487.5 301.4 215 - 187 28 -
2015 487.5 475.8 188 - 153 35 -
2016 487.5 80.2 - - - - -
2017 487.5 421.4 268 100 124 44 -
2018 487.5 213.9 - - - - -
2019 487.5 426.4 258 - 108 61 89
2020 487.5 473.3 274 200 38 36 -
2021 487.5 532.3 481 - 244 138 99
2022 487.5 318.1 390 - 304.2 85.8 -
2023 487.5 693.9 487.5 200 141.5 101 45

Between the first runoff event and the time of SI, continuous water losses occurred
primarily through evaporation, at a rate of 4–10 cm day−1, and seepage, estimated based
on changes in water level, and evaporation accounting for 2 mm day−1. Seepage losses
were found to range from 10.3 to 28.7% of total water storage. In some years, water was
available at the end of the season or the crop period, or after the application of SI. In 2016
and 2018, no runoff water was collected in the pond. In the years when SI was not applied,
the pond still received runoff, with the storage volume percentages being 67% in 2012, 44%
in 2014, 53% in 2019, 98% in 2021, and 80% in 2022. Further details are discussed in the
chapter on the impact of SI on cotton yield and WUE.

3.8.2. Soil Water Content at Different Depths During Crop Period

Ensuring a good yield in rainfed cotton relies on maintaining an adequate soil water
content (SWC) in the soil profile from the crop establishment to maturity stage. Monitoring
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SWC at the root zone depth throughout the crop’s growth period provides valuable insights
into the timing of SI. During the kharif season, the land use pattern involves green manuring
and compartmental bunding is implemented to conserve moisture. This practice depends
on the seasonal rainfall received during the southwest monsoon. As a result, residual
moisture is typically available at the end of the season, extending into the subsoil profiles.

SWC at different growth stages and soil depths for rainfed cotton is presented in
Table 10. SWC varies in response to fluctuating rainfall levels, with the sampling depth
significantly influencing observed moisture content. The main characteristic of vertisols
in relation to soil depth, is that they retain more SWC in the soil profile. As evaporation
occurs, the topsoil water content is depleted first, followed by the subsoil water content.
The surface layers, especially up to 15 cm depth, experienced greater water loss due to
higher evaporation rates from the exposed surface. In contrast, higher moisture content
was observed at the 30–45 cm depth compared with the 15–30 cm depth. The details of
SWC in response to SI are discussed in the chapter on the impact of SI on cotton yield.
In certain years, such as 2015, 2019, 2021, and 2022, ample moisture was retained in the
subsoil, making SI unnecessary. In 2012 and 2014, rainfall deficits led to insufficient soil
moisture levels. In 2016, soil moisture levels reached the permanent wilting point. During
2016 and 2018, rainfall distribution during NEM was below normal, resulting in insufficient
soil moisture retention to meet the crop’s needs. In all years, moisture levels were deficient
during the maturity stage of cotton. Harvested rainwater can be effectively utilized through
micro-irrigation systems, provided sufficient water is available in the pond. Otherwise, a
reduction in yield is inevitable.

Table 10. Vertical distribution pattern of soil water content for different crop growth stages.

Year WL

Initial Stage Vegetative Stage Flowering Stage Maturity Stage

Soil Depth, cm

0–15 15–30 30–45 0–15 15–30 30–45 0–15 15–30 30–45 0–15 15–30 30–45

2011 1.5 27.9 23.7 20.4 31.1 30.6 28.9 30.5 31.5 31.9 18.5 21.8 22.8
2012 1.0 26.5 23.2 22.8 31.7 30.9 30.1 29.5 28.6 27.4 17.6 16.6 17.2
2013 1.0 28.5 27.6 27.1 30.1 29.8 29.8 30.4 31.7 31.5 24.6 25.8 24.9
2014 0.7 26.1 25.5 24.3 29.8 28.1 27.5 29.5 28.6 27.5 18.5 18.9 19.5
2015 0.6 33.2 31.3 30.0 31.6 32.6 32.7 31.6 33.4 34.1 21.3 24.8 26.3
2016 0.0 14.6 15.4 11.3 22.9 15.4 14.7 17.9 16.6 16.4 12.4 14.3 15.6
2017 0.8 25.2 28.8 30.6 32.0 32.5 32.9 31.9 31.6 31.6 20.4 22.3 24.1
2018 0.0 34.8 34.1 34.5 34.8 34.5 34.7 30.8 26.2 26.7 16.1 16.0 17.0
2019 0.8 32.1 30.5 28.4 34.5 35.5 29.5 34.5 34.8 34.2 24.1 26.3 27.1
2020 0.8 29.5 27.9 24.2 35.8 33.0 32.5 34.5 35.0 33.3 30.8 30.4 31.5
2021 1.5 28.2 23.9 20.5 31.3 29.3 27.7 30.7 31.5 32.2 17.7 21.1 23.6
2022 1.2 25.0 25.4 24.4 31.7 32.4 31.3 28.1 29.6 28.9 24.0 25.2 25.6
2023 1.5 21.6 21.2 24.6 30.4 27.7 27.5 30.8 31.5 30.7 26.0 25.5 27.2

Note: WL—depth of water in farm pond, m.

3.8.3. Impact of Supplemental Irrigation on Cotton Yield

The details of application of SI on cotton, including crop stages, number of irrigations,
depth of irrigation (mm), treatment-wise yield (kg ha−1), and the percentage increase in
yield of cotton receiving SI over purely rainfed cotton are presented in Table 11. Due to
the nature of vertisols, higher soil water content was retained in the soil profile compared
with the surface layer during dry spells, particularly when the dry period extended beyond
two weeks. SI was applied to crops experiencing soil moisture stress at critical growth
stages. The number and amount of SIs were determined based on the length of the dry
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spell (Table 8), the availability of harvested water in the pond (Table 9), and the soil water
content (Table 10).

Table 11. Impact of supplemental irrigation on cotton production.

Season/
Year

Stage Treatment
No. of

Irrigations

Depth of
Irrigation,

mm

Soil Water Content, %
Yield

kg ha−1
% Increase

in YieldDepth,
cm

Before
SI

After
SI

Rabi 2011
Boll formation Crop receiving SI 1 50

0–15 24.3 30.8 1730 14.2
15–30 17.6 24.3

Pure rainfed 1515

Rabi 2013
Vegetative stage Crop receiving SI 2 44

0–15 22.5 29.8 820 3.8
15–30 18.5 23.1

Pure rainfed 790

Rabi 2017
Flowering stage Crop receiving SI 1 25

0–15 22.9 27.5 987 12.7
15–30 19.1 22.8

Pure rainfed 876

Rabi 2020
Boll formation stage Crop receiving SI 1 50

0–15 23.8 27.5 793 17.1
15–30 20.9 24.5

Pure rainfed 677

Rabi 2023
Boll formation stage Crop receiving SI 1 50

0–15 25.5 29.8 1227 25.8
15–30 26.1 28.8

Pure rainfed 975

Mean Crop receiving SI 1111.4 15.0

Mean Pure rainfed 966.6

LSD at 5% 31.2

During the study period (2011 to 2023), SI was provided for cotton using a rain gun-
type of micro-irrigation system in five years, viz., 2011, 2013, 2017, 2020, and 2023. Cotton
crops showed positive responses to SI in these years. In 2011, 2020, and 2023, SI was
applied at a depth of 50 mm during the boll formation to bursting stage. In 2013, SI was
applied at a depth of 44 mm during the vegetative stage. In 2017, SI was applied at a
depth of 25 mm during the flowering stage. After application of SI, soil water content
(SWC) increased at depths of 0–15 cm and 15–30 cm, ranging from 15.5% to 32.4% and
10.3% to 38.1%, respectively (Table 11). SI increased SWC in the upper soil layers compared
with the 15–30 cm depth, consistent with observations by Dai et al. [54]. The ridge–furrow
method, one of the most effective in-situ moisture conservation practices, was followed
in the cultivable areas where cotton was grown. Runoff water was channelled into RWH
pond after ensuring sufficient water retention within the field.

Applying SI with harvested rainwater during moisture-stress periods at different
growth stages significantly increased cotton yield across years with yield gains ranging
from 3.8% to 25.8% compared with purely rainfed crops. The integrated use of rainwater
stored in ridges and furrows, combined with harvested rainwater for SI, resulted in higher
cotton yield per unit of water compared with the use of rainwater alone.

SI was not applied in the remaining years due to one or more of the following reasons:
(i) rainfall deficits, (ii) unavailability of harvested water, or (iii) no need for SI. The years
2015, 2019, and 2021 experienced excess rainfall, while 2012, 2016, 2018, and 2022 were
deficit years. In 2012, there was a deficit of −42.6% in NEM rainfall. A single rainfall event
during the year filled the pond to 67% of its capacity, and stored water was available until
the 2nd week of November (45th week). However, due to insufficient rainfall and soil
moisture for the remaining crop season, a poor yield of 195 kg ha−1 was recorded. In 2014,
the pond received runoff equivalent to 42% of its storage capacity, despite a −24.3% NEM
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rainfall deficit. During this period, cotton was not cultivated. In 2016, a NEM rainfall deficit
of −79.8%, the lowest recorded between 1974 and 2023, resulted in insufficient runoff
into the pond. Due to this insufficient rainfall, the cotton crop failed. In 2018, the NEM
rainfall deficit of −46.2% led to the pond receiving no runoff water. However, during this
season, cotton survived on rainwater with a recorded yield of 674 kg ha−1, reflecting a
−30.3% reduction compared with the average yield. Uneven rainfall distribution during
the monsoon season was a significant factor affecting crop yield.

In 2015, 2019, and 2021, the yield for pure rainfed cotton crop was recorded as 940,
938, and 912 kg ha−1, respectively. During these years, surplus monsoon rainfall ensured
sufficient soil water retention throughout all crop stages, eliminating the need for SI. In
rabi 2015, despite a 19.7% excess rainfall during the NEM season, runoff collection in the
RWH pond was only 38% of its capacity due to low runoff-producing events. Frequent
well-distributed light rains throughout the crop period were sufficient, eliminating the need
for SI. In rabi 2019, runoff collection reached 53% of capacity as the well-distributed NEM
rainfall of 426.4 mm over 28 rainy days (7.24% excess) prevented moisture stress throughout
the crop growth period. Similarly, in rabi 2021, the pond reached full capacity due to a
33.9% excess NEM rainfall in 29 rainy days, ensuring adequate soil water content and
alleviating crop moisture stress. In 2022, the pond received 80% of its storage capacity from
three runoff-causing rainfall events, despite a recorded rainfall deficit of −20%. During
this period, cotton yield reached 832 kg ha−1, supported solely by rainwater, as adequate
soil moisture was retained thus eliminating the need for supplementary irrigation (SI). The
results show that the application of SI from the RWH pond during the maturity and boll
formation stages is highly effective in enhancing cotton yield. This underscores the critical
role of SI during key growth stages ensuring optimal water availability to maximize crop
productivity and resilience.

3.8.4. Impact of Supplement Irrigation on Rainwater Use Efficiency and Economics

The main focus of rainfed crop production at the farm level is to maximize the efficient
use of rainwater. This is assessed by the production of economic biomass in relation to
the available rainwater, typically expressed as a higher crop yield per unit of rainfall or
harvested water (including both rainfall and harvested runoff). Combining in-situ MCP
(ridge–furrow method), which enhances soil infiltration and water retention, with ex-situ
RWH pond for SI can improve rainwater utilization and, in turn, increase crop production.

The impact of SI on rainwater use efficiency is presented in Table 12. The total
rainwater utilized due to the ridge–furrow method of MCP and the total depth of SI from
harvested runoff is also provided in Table 11. The RWUE is calculated across different
years, highlighting that rainfed crops receiving SI exhibit a slightly higher RWUE compared
with crops under purely rainfed conditions. Specifically, purely rainfed cotton displayed
an RWUE ranging from 1.43 to 3.13 kg ha−1mm−1. However, adding SI to purely rainfed
cotton further raised RWUE, ranging from 1.52 to 3.13 kg ha−1mm−1. In 2013, for instance,
SI was applied at a depth of 44 mm during the vegetative stage of cotton, and yield
differences between treatments were minimal, resulting in a similar impact on RWUE.
Sharma et al. estimated RWUE (kg ha−1mm−1) for various crops under both traditional
practices and improved technologies in India’s primary rainfed crop districts [50]. This
estimation was based on long-term on-farm data from the national rainfed agriculture
network. For cotton, estimated RWUE was 0.38 kg ha−1mm−1 (ranging from 0.17 to
1.52) under traditional practices and 1.60 kg ha−1mm−1 (ranging from 1.23 to 1.97) under
improved technologies. The present findings are consistent with results reported in the
AICRPDA, 2011–2021 [55].
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Table 12. Impact of supplemental irrigation on rainwater use efficiency and economics of
cotton production.

Season/Year

B-C Ratio Water Used, mm RWUE, kg ha−1mm−1

Rainfed Crop
Receiving SI

Purely
Rainfed

Rainfall
received, mm

Depth of
SI, mm

Total Water
Used, mm

Rainfed Crop
Receiving SI

Purely
Rainfed

Rabi 2011 2.43 2.16 503.4 50 553.4 3.13 3.01
Rabi 2013 1.15 1.13 252.8 44 296.8 2.76 3.13
Rabi 2017 1.36 1.23 421.4 25 446.4 2.21 2.08
Rabi 2020 1.30 1.13 473.3 50 523.3 1.52 1.43
Rabi 2023 2.41 1.95 422.0 50 472.0 2.60 2.31

Mean 1.73 1.52 2.44 2.39

LSD at 5% 0.04 0.075 (NS)

Table 12 presents the impact of SI on economic returns, measured as benefit-cost (B-C)
ratios. The data indicate that cotton crops receiving SI exhibited significantly higher B-C
ratios compared with purely rainfed cotton. Specifically, cotton receiving SI had B-C ratios
ranging from 1.15 to 2.43 while purely rainfed cotton showed B-C ratios from 1.13 to 2.16.
Overall, crops with SI generated higher income than purely rainfed crops.

This research focuses on designing a water harvesting pond for an agricultural water-
shed to promote the effective reuse of stored water, mitigate dry spells for rainfed crops,
and reduce yield losses. The RWH pond was designed to store runoff from a 1 ha micro-
watershed area in a pond with a capacity of 487.5 m3. The stored water can be used as
SI to rainfed cotton crop at an irrigation depth of 50 mm for a cultivable area of 0.4 ha.
These results align with previous studies of Patode et al., who found that, in vertisols with
an average regional rainfall of 817 mm, a catchment–storage–command relationship was
observed, where rainwater harvested from a 5 ha catchment area and stored in a farm
pond with a capacity of 2014.8 m3 could irrigate approximately 4 ha primarily for crops
like cotton and soybean [56]. Narsimlu et al. developed a catchment–storage–command
area relationship for the semi-arid tropical region of Rajasthan, India, under a diversified
farming system [33]. Their study revealed that rainwater harvested from a 2 ha agricultural
micro-watershed could be stored in RWH structure, such as a farm pond, with a capacity
of 560 m3 providing an irrigation supply of 5 cm to a command area of 1 ha.

There is significant potential for harvesting excess runoff in rainfed regions across
various states in the country [16]. Research has shown that collecting on-farm runoff in
dugout farm ponds and using SI can enhance and stabilize crop production [13]. Applying
SI during critical crop growth stages has significantly increased grain yield [50]. Vora et al.
stated that farm pond technology is effective in improving crop productivity in the Bhal
region of Gujarat [57]. Pendke et al. observed that providing one SI using sprinkler from
farm pond to crop during the critical growth stage in the rabi season, resulted in a 57%
increase in yield [58]. An impact analysis of farm ponds in Adilabad (Telangana), and
Anantapur and Chittoordistricts (Andhra Pradesh), India, highlighted substantial yield
increases in crops like sorghum, groundnut, and soybean in Adilabad District following the
adoption of farm pond technology. In Anantapur, groundnut yield increased by 25.4% due
to additional irrigation from farm ponds. Similarly, in the Punganur Mandal of Chittoor
District, crops such as cotton, bajra, chilli, and maize showed improved yields due to
farm pond construction [6]. These findings are consistent with the results observed in the
present study. The increased productivity resulting from supplemental irrigation (SI) can
lead to higher incomes, which farmers can reinvest beneficially by purchasing livestock or
modern equipment [59,60].

The main challenges in RWH ponds are minimizing evaporation and seepage
losses [33] to ensure that stored water is retained for extended periods and can be reused
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during dry spells if needed. Although concrete lining, as used in our study, can help
reduce these losses, the high cost of such a lining remains a limiting factor. Using HDPE
polythene lining for ponds, as suggested by Narsimlu et al., provides a more economical
alternative to cement, brick, and concrete linings, making efficient water use more afford-
able [61]. Munyasya et al. reported that integrating on-site and off-site RWH systems signif-
icantly enhances rainfed maize production, offering a more resilient adaptation strategy to
climate change [62].

Rainfed crops are generally grown using rainwater alone or alongside in-situ MCP.
In vertisols, the subsoil profiles (up to a depth of 45 cm) retain more soil water than the
surface layer (up to 15 cm). Under these conditions, rainfed crops can survive if a dry
spell lasts not more than 15 days. However, if a dry spell extends for longer, soil moisture
stress occurs, and SI from a pond can alleviate this stress. The combined use of rainwater
through in-situ MCP (ridges and furrows) and SI as an ex-situ method (water harvesting
pond) has not only boosted crop production but also improved RWUE, enhancing water
utilization in rainfed agriculture. Anantha et al. reviewed that combining in-situ and
ex-situ interventions offers considerable potential to strengthen the resilience of smallholder
farming systems, supporting faster advancement toward the United Nations sustainable
development goals [12]. Harvesting rainwater in ponds and applying it as SI through
modern micro-irrigation equipment has proven to be an economically viable solution at
the farm level for resource-poor rainfed farmers. This approach is especially beneficial for
rainfed crops such as cotton, maize, pulses, minor millets, and oilseeds.

4. Conclusions
The southern zone of Tamil Nadu, comprising the districts of Virudhunagar,

Tirunelveli, Tenkasi, and Thoothukudi, is characterized by medium-depth vertisols and a
semi-arid hot dry climate, with cotton as the predominant crop. Major crops in this zone
include cotton, millets, pulses, and sunflower. During NEM, rainfed crops such as cotton,
maize, sorghum, pulses, and sunflower are cultivated, relying on an average rainfall of
about 400 mm. In these regions, where water availability is limited, the primary objective
of crop production is to maximize yield per unit of rainwater. This can be achieved by
integrating in-situ MCP with ex-situ RWH ponds. This study specifically explored the
feasibility of using SI from RWH during moisture stress periods in cotton cultivated in
ridge–furrow MCP. To achieve this, the ex-situ RWH pond was designed based on the
long-term NEM rainfall. The watershed area–storage volume–cultivable area relationship
achieved in this study was 1 ha–487.5 m3–0.4 ha. The observed runoff from the RWH pond
with a capacity of 487.5 m3 was validated against the estimated runoff from 2011 to 2023
with statistical measures. Based on the rainfall–runoff relationship, the runoff coefficients
for the observed and estimated runoff were 0.22 and 0.18, respectively. Statistical compari-
son of observed and estimated runoff data from 2011 to 2023 revealed a strong correlation
(r = 0.87), confirming the pond design. Harvested rainwater was applied to cotton through
micro-irrigation at critical growth stages during moisture stress by dry spell, including
vegetative, flowering, and boll formation, leading to significant yield increase, higher
RWUE, and higher benefit-cost ratio. This study proves the effectiveness of the practical
method of pond design, determination of cultivable area size based on runoff harvested
from the watershed, and the adoption of SI. Hence it can be concluded that the integration
of in-situ MCP (ridge–furrow) along with ex-situ RWH and SI significantly enhances crop
productivity in rainfed ecosystems, particularly within agricultural micro-watersheds. This
integrated approach recommends a practical adaptation strategy for farmers facing the
challenges of climate change and erratic rainfall, ensuring water availability during dry
spells, reducing the risk of crop failure, and contributing to food security.
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RO Runoff
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