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Abstract: This study conducted to evaluate catchment storage and command relationship and water
use strategies under supplemental irrigation for sustainable rainfed agriculture in the semi-arid
regions of Rajasthan, India. In southern Rajasthan, a small category of farmers is above 78%, the
potential evapotranspiration is greater than the average rainfall with prevailing arid conditions, and
rainfed agriculture is a challenging task. An agricultural micro watershed of 2.0 ha evaluated to
establish a catchment storage command area (CSC) relationship and micro irrigation system as an
effective water use strategy. The significant results indicate that a farm pond with a storage capacity
of 560 m3 with permanent lining (cement + brick) is sufficient to harvest runoff water from a 2.0 ha
catchment under the rainfall conditions of below normal (up to 50% deficit), long-term average,
and wet years. Harvested rainwater can be used to irrigate a command area of even up to 1.0 ha,
with supplemental irrigation of 5 cm in both the seasons of kharif as well as rabi. The two crops,
maize (Zea mays) in the kharif season and coriander (Coriandrum sativum) in the rabi season, were
significantly profitable with supplemental irrigation by adopting a drip irrigation system.

Keywords: catchment storage command relation; supplemental irrigation; farm pond; small farmers;
crop diversification

1. Introduction
1.1. Statement of the Problem

Rainfed agriculture in India accounts for about 51% (72.98 m ha) of the net cultivated
area and supports 40% of food grain production and 60% of the livestock population,
which mainly depends on monsoon rainfall. This is also mainly monsoon-reliant and
risk-prone, and it often encounters extreme variations in rainfall, resulting in a wide range
of fluctuations and instability in crop yields [1]. Farmers in the southern part of Rajasthan,
India, normally face severe water scarcity under deficit rainfall conditions. During long dry
spells, crops experience severe moisture stress and these regions classified as an arid/semi-
arid region. The agricultural land has fragmented into small holdings; crop yields are not
economical and fluctuate from season to season, owing to erratic rainfall [2].

1.2. Genesis and CSC Concept

The CSC, catchment–storage–command, area relationship is a similar concept of water-
harvesting tanks constructed under different watershed development programs that used
for storing runoff water, groundwater recharge, and utilization as supplemental irrigation
for increasing crop yields and multiple other uses. A catchment area is an area of land
that collects water after rainfall, and the command area is the extent of the area, which can
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be irrigated from that water storage. There are approximately 350,000 storage tanks for
rainwater harvesting structures existing in India [3]. The major challenges in the design
of water harvesting systems include determining the catchment area to storage capacity
ratio [4]. However, the design is, normally based on local experience, which depends on
climate, topography, soil, and land use characteristics. Samra et al [5] conducted a review of
water-harvesting systems at the national level. He emphasized that performance indicators
such as catchment area, storage capacity, and command area of the system be indicated
while reporting the studies on these systems. As a result, the concept of CSC is to conserve
maximum moisture under watershed mode and store it for use in the donor catchment or
downstream area during dry spells and crop critical stages.

1.3. Definition of Drypell

According to Barron et al. [6], a dry spell refers to a period greater than 5 days without
rainfall, which results in a soil water deficit that could lead to crop water stress. In India
during the SWM (southwest monsoon) season, a prolonged dry spell lasting 7 days may
lead to drought and have major impacts on agricultural production [7].

1.4. Review of Literature

Looking into the RWH (rainwater harvesting) and efficient utilization in rainfed agri-
culture enhanced crop yields by reducing the risk of production in many Sub-Saharan
African countries [8–14]. For legume crops like cowpea in a country like Nigeria, the
savannah zone with the application of supplemental irrigation collected from runoff wa-
ter has the dual benefits of alleviating the prevailing slack periods and improving the
yields of smallholder farming systems [15]. Legumes like rye (Secale cereale) and sunhemp
(Crotalaria spectabilis) improve major physical properties of the soil when compared to the
monocropping maize crop.

Rainwater harvesting also adopted in India in an attempt to alleviate depleting ground-
water storage. However, there is a need for better understanding of the impacts of many
small dams within a watershed, particularly hydrological studies [16]. Excess utilization
of groundwater has increased the accessibility of a reliable source of irrigation water for
smallholder farmers across India, and this helps to relieve poverty in rural areas. Over-
exploitation of groundwater leads to a decline in water levels. As a result, RWH has
been widely implemented to raise falling groundwater levels, but with no scientific or
hydrological studies to confirm this fact [16]. Using rainwater for household tasks like
cleaning, laundry, and garden watering can save drinking water, which is one advantage of
implementing rainwater harvesting and storage system. It also reduces runoff by collecting
at home, which minimizes the volume of water running into storm drainage systems and
prevents the risk of floods [15].

Recent study results reveal that small dams (storage structures) constructed by gabions
and wood were considered NBS (nature-based solutions) to manage flood risk and overland
flow, even in mountainous regions. Rainwater-harvesting structures control flood peaks,
store runoff water, and act as a climate-change-mitigating strategy and have minimum
maintenance with an ecological concept [17]. In another study in Southern Burkina Faso,
supplementary irrigation found to be cost-effective and enhance income, especially during
drought-prone years. However, gains from supplemental irrigation have limitations within
the catchment because labor and capital are constraints on pond technology [18]. The
impact of long-term rainwater conservation structures like staggered contour trenches
with a density of 417 trenches/ha was the best conservation practice under the horti-
pastoral land use system. This kind of study will be helpful to watershed managers and
policymakers to reclaim and improve the sustaining productivity of degraded ravine
lands [19]. On-farm water-productivity techniques if coupled with improved irrigation
management options; better crop selection and appropriate cultural practices; improved
genetic make-up; and timely socioeconomic interventions will help to achieve integrated
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farm resource management and improvement in the dry rainfed region of West Asia and
North Africa [20].

According to Oweis, T. and Hachum, A. [21], rainwater management through dug-out
farm ponds is an important part of the strategy for enhancing the productivity of rainfed
agriculture. Rainwater harvesting and utilization were economically viable in the district
of Adilabad, India, receiving higher annual rainfall (1100 mm) with 69 percent of water
harvesting in farm ponds generating an additional income of more than INR 20,000 per year
when compared to 8 percent in the regions receiving (Ananthapuramu district, India) less
annual rainfall (450 mm). A study on the performance of small rainwater-harvesting struc-
tures (farm ponds) in major rainfed states of India revealed that the rainwater harvested and
used for either supplemental irrigation or recharging open wells. The use of farm ponds in
Maharashtra resulted in a significant increase in farm productivity (12–72%), cropping in-
tensity, and consequently farm income [22]. In Chittoor district, India, harvested rainwater
in farm ponds and utilized profitably for supplemental irrigation to mango plantations,
vegetables, and other crops and animal-based enterprises with net returns estimated to
be between USD 120 and 320 per structure per annum. Rainwater harvesting in small
farm ponds is a solution to overcome the increased frequencies of droughts, particularly
midseason and terminal droughts of rainfed crops under climate change scenarios [23].
This technology has the potential to increase the availability of water for supplemental
irrigation, as well as to increase cropped area and productivity, leading to an increase in
net returns from the crops. Several studies have demonstrated that collecting agricultural
runoff into dug-out farm ponds and supplementing irrigation can boost and stabilize crop
productivity [24]. In certain Indian states, there is ample scope and possibility for capturing
excess runoff throughout the rainfed regions [25].

1.5. Limitations of Rainwater Managment

Various studies revealed that the rainwater harvested and stored in a farm pond
without lining has evidence of seepage losses, salinity, and water logging, etc., ultimately
decreasing the fertility of the adjacent agricultural lands [26–28]. A study results revealed
that rainwater harvesting structures like dug-out ponds constructed with a lining of calcare-
ous soil recorded a minimum seepage rate of 1.05 to 1.08 cm/m/day compared to unlined
farm ponds. The reduction in seepage rate varied from 61.4 to 62% over the control [29].
The major constraints observed in a study on different lining materials used for farm ponds
were exposure of lining material to high temperatures during the summer, possible physical
damage by animals, poor maintenance of lining material, availability of runoff during the
offseason, etc. [30].

1.6. Climate Change Impact on Rainfed Crops

Investigation results on projected climate change on the phenology, effective rainfall
(Pe), crop water requirement, and irrigation water requirement of maize indicated that
mean seasonal maximum temperature, minimum temperature and rainfall were projected
to increase [31]. Efficient use of soil moisture, either by conserving it in-situ or ex-situ,
i.e., harvesting the runoff water and reusing it, can lead to sustainable productivity in
rainfed crops.

Based on the above reviewed research gaps, a study was proposed and conducted
at the All India Coordinated Research Project on Dryland Agriculture (AICRPDA) center
in Arjia district, Rajasthan, India, to evaluate the catchment storage and command area
relationship with the following objectives:

1. To establish a rainfall–runoff relationship and design a rainwater-harvesting structure
in the form of a farm pond for threshold storage.

2. To develop a water use strategy for supplemental irrigation to enhance water produc-
tivity with diversified farming systems.
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2. Materials and Methods
2.1. Study Hypothesis and Conceptualization

A field study was conducted based on the concept of “Harvesting of rainwater from
a defined catchment and establishing a relationship between catchment area, maximum
storage and providing supplemental irrigation in the command area for enhancing water
productivity in rainfed agriculture” at the AICRPDA (All India Coordinated Research
Project of Dryland Agriculture) center, Arjia, located in Bhilwara district, India. The
conceptual diagram of the CSC relationship with an RWH farm pond is shown below
(Figure 1).
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2.2. Study Area and Climate

The AICRPDA center, Arjia, located in Bhilwara district, India (25◦23′55.25′′ N,
74◦36′44.11′′ E and 406 m MSL), represents the domain districts consisting of Bhilwara,
Rajsamand, Chittoorgarh, Udaipur, and part of Sirohi districts in Rajasthan, situated in
the climate of sub-humid southern plains and Aravali hill zone (Figure 2). The long-term
average annual rainfall of the station is 658.00 mm, out of which, 93% is received through
the southwest monsoon (June–September) and the rest as winter rainfall. The climate of the
region is semi-arid, with an average of 33 rainy days. Temperature varies from a maximum
of 46 ◦C in summer to a minimum of 8.1 ◦C in winter. Normal and yearly water balance
studies show that cumulative potential evapotranspiration (PET) is 1666.5 mm, which
indicates that available rainfall is insufficient to meet the water demand of crops. The total
monthly-accumulated water deficit is 1037 mm, which is partly met through storage and
recharge of rainfall during the monsoon season. The soils of this region are ustochrepts and
are medium textured, reddish to brown in color, high in base saturation, and medium in
depth. In many parts, there are loam and clay loam soils with a saline base. These soils
were derived from sedimentary alluvium. The available water holding capacity of soils
varies from 90 to 120 mm, with the other important physical and chemical properties listed
below (Table 1).

Table 1. Important physical and chemical properties of the soil in the domain area.

S.
No.

Depth
cm

Sand
%

Silt
%

Clay
%

Bulk
Density
(g/cm3)

WC
mm/m

OMC
% PH Available

N (kg/ha)
Available
P (kg/ha)

Available
K (kg/ha)

1 0–30 53.29 20.00 26.71 1.51 90 0.48 7.90
218 39.0 389

2 30–60 49.00 21.50 29.50 1.56 120 0.56 8.2

WC: water content; OMC: organic matter content, P: phosphorous content, N: nitrogen content, K: potassium content.
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2.3. Site Description

A defined agricultural micro watershed with a catchment area of 2.0 ha was de-
marcated for rainwater harvesting in to a farm pond. The farm pond was excavated
mechanically, and manual labor was used for compaction, etc., at the lower point of the
field so that all the runoff water was able to be collected easily with a minor gradient of
slope in the field. The dimensions of the farm pond were top 16.5 × 16.5 m, depth 3.0 m,
and side slope 1:1, with a volume of 560 m3. An inlet was provided for a smooth entry of
water into the farm pond, and an outlet weir was also constructed (stone masonry) for safe
disposal of the excess runoff.

A cement, brick, and concrete lining with a thickness of 0.12 cm on the sides and
bottom was made to control seepage losses on all four sides, including the bottom. An
electric pump set of 3.0 hp was installed for lifting harvested rainwater. A rain gauge was
installed to measure rainfall data, and at the inlet, a H-type flume was installed along with
an automatic stage-level recorder for measuring the stage and runoff. The characteristics
of the micro watershed with land use and land management with a relief ratio of 0.2 and
a relative relief ratio of 0.004 indicated little variation in the steepness and intensity of
the erosion process in the watershed (Table 2). Hence, land use plays a major role in
generating overland flow and runoff in this micro watershed. The shape of the watershed
was characterized by the shape index, which influences the time taken for water to travel
from a remote point to an inlet (time of concentration). Daily rainfall and maximum
and minimum temperatures during the experimental seasons (kharif ) are presented in
Figure 3. From Figure 3, it can be observed that the year 2019 was a drought year with crop
seasonal of only 109.2 mm. The maximum temperature through the cropping season was
above 35 ◦C with a minimum of 25 ◦C, and these conditions were not suitable for crops.
During the period from 2010 to 2014, the crop seasonal rainfall ranged from 421 to 610 mm,
representing average to good rainfall conditions with good crop yields. In all the years
from 2009 to 2014, the terminal drought conditions occurred, except during the year 2011,
with the crop period rainfall of 610.0 mm with uniform distribution without any effective
dry spells. The minimum and maximum temperatures were also in average conditions,
ranging from 20 to 30 ◦C, favoring the crop production situation.
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Table 2. Characteristics of agricultural micro watershed.

S. No. Characteristics Value

1 Catchment area (ha) 2.0

2 Perimeter (m) 544

3 Maximum length (m) 159

4 Average width (m) 115

5 Shape index 1.38

6 Watershed relief (m) 2.29

7 Relief ratio 0.02

8 Relative relief 0.004

9 Elongation ratio 0.74

10 Compactness coefficient 1.09

11 Farm factor 0.82

12 Land management Outward sloping

13 Landuse Agriculture
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Figure 3. Daily rainfall and maximum and minimum temperatures during the kharif crop growing
season from 2009 to 2014.

2.4. Land Use Landcover

Maize (Zea mays) is the major crop in this region, and it occupies 33% of the total
cultivated area, with other important crops being sorghum, black gram, green gram, sesame,
groundnut, cluster bean, and in some parts cotton during the kharif season. Wheat, mustard,
gram, barley, and taramira were major rabi season crops. Perennial fruit crops are Anola,
pomegranate, and ber. The area under fodder crops is mainly in common pool resources
(CPRs) and uncultivated areas. In India, maize is the third most important food crop after
rice and wheat, with an average productivity of 2430 kg/ha. Rajasthan state covers 9.9% of
Indian maize production. Maize is a staple food for humans and a quality feed for animals
(https://farmer.gov.in/M_cropstaticsmaize.aspx (accessed on 23 July 2022)). Normal crops
like maize and pulses are sown in the catchment area during the kharif season, even with land
configurations like field bunds, ridges, and furrows and some area under intercropping too.
In the donor area and under the downstream side during the rabi season, crops like wheat,
mustard, gram, barley, and taramira are sown. For rabi, crops are provided supplemental
irrigation if harvested rainwater remains available in the farm pond.

2.5. Rainfall and Runoff Data Recording

Rainfall data recorded daily with the help of an installed rain gauge and month-wise
mean runoff-producing rainfall events were calculated (Table 3). Since the catchment
is an agricultural micro watershed, some of the rainwater was conserved due to field
interventions like field bunds, crop cover, and other land configurations. Runoff generated
beyond these in-situ conservation measures was enrouted to the inlet and was recorded
with the help of the H-type flume and stage-level recorder installed. Runoff data were
analyzed and tabulated with respect to monthly run-off-yielding rainfall storms from 1994
to 2021 to establish a rainfall–runoff relationship (Table 4). However, there were no data
available during the years 1995, 1998–2003, and 2005 (8 years). Data for these years were
recorded but misplaced and could not be used for analysis. Still, 19 years of data was
tabulated in Table 4 for further analysis.

Table 3. Monthly mean runoff-producing rainfall from agricultural micro watershed.

S. No. Months
Runoff-Producing Rainfall (mm)

1994 1996 1997 2004 2006 2007 2008 2009 2010 2011 2012 2013 2014

1 June 179.8 0 0 0 89 0 76 0 73 68 0 0 0

2 July 401.6 162.4 163 140 210 168.8 65 146 49 147 57 66.7 71

https://farmer.gov.in/M_cropstaticsmaize.aspx
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Table 3. Cont.

S. No. Months
Runoff-Producing Rainfall (mm)

1994 1996 1997 2004 2006 2007 2008 2009 2010 2011 2012 2013 2014

3 August 61 267.4 46.8 469.4 348 28.4 95 0 202 218.4 151.5 264.7 241

4 September 26 103 38 0 43 0 118.4 0 0 65 30 0 82

5 October 0 0 0 0 0 0 0 0 0 0 0 0 0

6 November 0 0 0 0 0 0 0 0 126 0 0 0 0

7 December 0 0 0 0 0 0 0 0 0 0 0 0 0

Total 668.4 532.8 247.8 609.4 690 197.2 354.4 146 450 498.4 238.5 331.4 390.00

Table 4. Monthly mean runoff recorded from agricultural micro watershed.

S. No. Months
Runoff (m3)

1994 1996 1997 2004 2006 2007 2008 2009 2010 2011 2012 2013 2014 Mean

1 June 386.01 0.00 0 0 197.75 0 155.80 0 149.65 111.52 0 0 0.00 76.98

2 July 1201.09 390.48 501.22 311.00 438.58 232.19 71.96 150.57 32.08 227.61 173.04 191.34 146.38 312.89

3 August 150.10 687.44 71.42 1157.95 969.85 20.38 126.58 0 662.77 565.58 797.44 1022.26 424.96 512.06

4 September 63.96 158.46 54.53 0 88.15 0 234.64 0 0 174.25 75.47 0 186.54 79.69

5 October 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00

6 November 0 0 0 0 0 0 0 0 300.12 0 0 0 0.00 23.09

7 December 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00

Total 1801.16 1236.38 627.17 1468.95 1694.33 252.57 588.98 150.57 1144.61 1078.96 1045.95 1213.60 757.88 1004.71

S.Em± 40.29

C.D (5%) 113.58

CV (%) 130.50

Normal seasonal
rainfall (mm) 626 626 626 615 614.5 614.5 614.5 611.5 611.5 611.9 611.9 614.5 614.5

Actual seasonal
rainfall (mm) 1037.4 826 571.6 978.4 1032.8 520.4 633.5 306.8 593 509.7 963.8 747.2 521.6

Note: Data not available during the years 1995, 1998–2003, and 2005.

2.6. Rainwater Utilization Strategy in Enhancing the WP of a Diversified Farming System in Kharif

An experiment was conducted to evaluate the rainwater utilization strategy to enhance
water productivity (WP) in a diversified farming system. The command area was decided by
referring to the earlier literature. A minimum area can be irrigated with harvested rainwater of
unit volume. A command area measuring 64 m × 32 m (2048 sq m) just above the farm pond in
the donor area of the catchment was selected for the experimentation. We assumed that at least
a volume of 512 m3 can be harvested into the designed farm pond to impose all the treatments.

Harvested rainwater was applied through drip irrigation (5 cm) as well as surface
irrigation, i.e., flood irrigation (5 cm) in diversified cropping systems for higher income during
the kharif season for the period 2009–2014 (5 years). The design of the experiment was RBD
(randomized block design) with five main treatments of different vegetables, viz., sponge
guard, bottle gourd, ridge gourd, kachari, vegetable cowpea, and maize, with 2 irrigation
methods. The spacing was adopted with a row-to-row distance (cm) in maize 60 cm; bottle
gourd: 2 × 2 m; ridge gourd, sponge guard, and kachari: 1 × 0.5 m; and cow pea: 30 cm. The
two irrigation methods were surface irrigation and drip irrigation. The depth of irrigation
was (5 cm), applied at 50% of pan evaporation, i.e., 50% deficit irrigation, in two treatments in
maize (var. PEHM2), irrigated (5 cm) and control (maize without irrigation). A supplemental
irrigation of 5 cm was applied in all the treatments across the crops during the terminal
drought situation (because of the early withdrawal of the monsoon; Figure 3), with drip
irrigation as well as surface irrigation in all the years except during 2013, as there was no
water available in the farm pond due to drought. Year-wise dry spells from 2009 to 2014 are
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described in the Table 5. All these vegetable crop yields were harvested and then converted to
maize grain equivalent yields for convenience in comparison. Maize is a dominant crop in
this region and commonly consumed as a staple food. Further, these results were reported in
terms of maize grain equivalent yield (MGEY), as shown in Table 6.

Table 5. Dry spells occurring year-wise during the crop-grown period from 2009 to 2014.

S. No Year Dry Spell Period No. of Days Stage of Crops in Maize Stage of Crops
(Vegetables)

1

2009

28 July–11 August 15 Tasselling

Vegetative,
flowering, and

fruit/pod setting
stages of vegetables

2 16 August–29 August 14 Silking

3 5 September–until withdrawal of monsoon 35 + Grain development

4 2010 16 September–until withdrawal of monsoon 25 + Grain development

5 2011 19 September–until withdrawal of monsoon 21 + Grain development

6
2012

14 July–6 August 24 Vegetative

7 21 September–until withdrawal of monsoon 19 + Silking and grain development

8
2013

26 August–15 September 21 Silking

9 2 October–until withdrawal of monsoon 9 + Grain development

10

2014

1 July–9 July 10 Vegetative

11 20 August–26 August 07 Tasselling

12 14 September–until withdrawal of monsoon 26 + Grain development
+ Second week of October is the harvesting period of crops.

Table 6. Effect of supplemental irrigation on yield of kharif crops.

S. No. Treatments
Maize Grain Equivalent Yield (kg/ha)

2009 2010 2011 2012 2014 Mean

1 Sponge gourd 0 6361 7767 5454 5054 4927

2 Bottle gourd 5321 5667 8125 6440 6284 6367

3 Ridge gourd 7916 8428 7097 6540 7098 7416

4 Kachari (cucumber) 8270 9231 9017 7120 8102 8348

5 Veg cow pea 3932 7655 6267 6650 6010 6103

S.Em± 283 449 386 95.5 411 622.24

C.D (at 5%) 595 943 810 311.7 1340 1865.46

CV (%) 20.98

1 Surface irrigation (5 cm) 4604 6934 7021 6126 3156 5568

2 Drip irrigation (5 cm) 5571 8003 8288 6755 3869 6497

S.Em± 127 201 172 23.15 132 82.45

C.D (at 5%) 376 597 512 115.85 456 323.75

CV (%) 3.06

1 Maize (irrigated) 5 cm 4789 * 4547 4333 4082 2800 4110

2 Maize unirrigated 3433 * 2850 2534 2241 1870 2586

S.Em± 121.15

C.D (at 5%) 475.70

CV (%) 8.09

Normal seasonal rainfall (mm) 611.5 611.5 611.9 611.9 614.5

Actual seasonal rainfall (mm) 306.8 593.0 509.7 963.8 521.6

* Maize stover yield, as it was drought year. Data not available for the year 2013.
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2.7. Rainwater Utilization Strategy in Enhancing WP of the Diversified Farming System in Rabi

Another experiment was conducted during 2011–2014 (4 years) for enhancing water
productivity (WP) by utilizing harvested rainwater during the post-monsoon (rabi) season
on different diversified crops for higher income. If harvested rainwater in the farm pond
remained after the kharif season, it was utilized as supplemental irrigation in the rabi
season. In all these four years of experimentation, harvested rainwater was available in
the farm pond. The experiment was designed in a randomized block design with three
main treatments: coriander, greenpea (vegetable), and brinjal, with two irrigation methods,
surface irrigation and drip irrigation, with depths of irrigation of 5 cm and applied at
50% of pan evaporation, i.e., 50% deficit irrigation. For all the crops, viz., coriander, pea,
and brinjal, supplemental irrigation (5 cm) was applied through drip irrigation as well as
surface irritation during critical stages like vegetative, flowering, and fruit setting in dry
spells during the crop growing period. The details of dry spells occurred year-wise are
shown in Table 5. Harvested crop yields were further converted into pea pod equivalent
yields for easy comparison. The results are reported in terms of pea pod equivalent yield
(PPEY) (Table 7).

Table 7. Productivity of rabi crops as influenced by supplemental irrigation in kharif and rabi seasons.

S. No. Treatment
Pea Pod Equivalent Yield (kg/ha)

2011 2012 2013 2014 Mean

Rabi Crops

1 Coriander green 7083 5052 4547 4387 5267.25

2 Pea pod 5147 3801 3421 2817 3796.5

3 Brinjal 3733 4271 3844 3333 3795.25

4 S.E m± 400 66.89 60.20 145 329.76

5 C.D at 5% 892 262.61 236.35 569 1141.12

CV(%) 15.39

6 Surface irrigation 5000 4143 3936 3156 4058.75

7 Drip irrigation 5822 4608 4378 3869 4669.25

8 S.E m± 400 20.13 19.12 132 66.08

9 C.D at 5% 892 100.74 95.7 456 297.41

CV(%) 3.03

2.8. Irrigation Schedule

The crops raised in this study were maize and vegetables under rainfed conditions.
During the kharif season, the harvested rainwater utilized as supplemental irrigation mainly
during dry spells (Table 5 and Figure 3) to make the crop sustainable and further augment
the yields, supplemental irrigation has to be applied at critical crop stages if water is
available. The quantity of irrigation applied was 5 cm to address dry spells that occurred
due to climate vulnerability.

2.9. Statistical Analysis

Data analysis performed by the using analysis of variance (ANOVA) with the SPSS
software 2022, and the least-significant difference test method (LSD) (p < 0.05) used for
the ANOVA. All researchers very commonly use these statistical methods and hence, the
details of these methods were not described. Analyses carried out using the runoff volume
recorded with respect to runoff yield under different rainfall storms. In addition, we ana-
lyzed the crop data recorded under the experiments conducted to evaluate the diversified
crops (vegetables) during kharif season as well as rabi season. Data with significant results
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(coefficient of deviation at 5%) were tabulated in Tables 4–7. Microsoft Excel used to process
these results.

3. Results and Discussion
3.1. Rainfall Pattern and Supplemental Irrigation

The long-term average annual rainfall of the study area is 658.00 mm, out of which
93% received in the monsoon season (June–September) and rest as summer and winter
rainfall. It was observed that July and August months contribute the maximum seasonal
rainfall. The climate in this region is semi-arid/arid. Normal and yearly water balance in
this region shows that the cumulative potential evapotranspiration (PET) is 1666.5 mm,
and the monthly-accumulated water deficit is 1037 mm. For this deficit, moisture in
soils needs to be supplemented for crops through harvesting rainwater in the farm pond
during the monsoon season as well as the remaining storage in the rabi season to obtain
sustainable yields.

3.2. Rainfall Runoff Relation

The farm pond was filled with runoff water, which yielded from rainfall storms
under an agricultural catchment after the soil moisture conservation practices like in-situ
field bunds, crop growing, and sometimes ICS (intercropping systems) and other land
configurations in the donor area. Apart from all these conservation measures, the runoff
water harvested into the farm pond capacity (560 m3). The average amount of runoff
harvested was about 15% of the total rainfall received in the catchment. Major losses
occurred in the farm pond through seepage, and these seepage losses controlled with
cement brick lining in bottom and sides. Other losses were due to evaporation; the quantity
of evaporation was very small when compared to seepage losses, so the evaporation losses
in this experiment ignored. The runoff volume recorded with different storms from 1994 to
2014 and tabulated in Table 4 for the mean months of the season from June to December.
Statistical analysis of mean values carried out using ANOVA and found to be significant
with CD at 5%.

The monthly average runoff recorded showed statistically significant results (Table 4),
and a maximum amount of runoff (1801 m3) recorded in the year 1994 for a seasonal rainfall
of 1037.4 mm, which was a wet year with more than long-term average. The minimum
runoff volume (150.6 m3) recorded in 2009, which was mainly due to drought conditions
with a 50% deficit of seasonal rainfall (306.8 mm). The mean monthly runoff-producing
rainfall, presented in Table 3. A relation between rainfall and runoff was established by
plotting runoff-producing rainfall in mm on the x-axis and total seasonal runoff in cubic
meters on the y-axis with a linear trend line and a coefficient correlation of 0.8 (Figure 3);
the equation is shown as Equation (1). From Figure 3, it can be inferred that the minimum
runoff-producing rainfall received in a season is 340 mm, which is able to produce a runoff
volume of 700 m3 as shown in Figure 4. Vice versa, a maximum runoff of 1700 m3 volume
generated with a seasonal runoff producing a rainfall of 700 mm. The farm pond that used
in this study for harvesting rainwater from a demarcated agricultural catchment of 2.0 ha
was sufficient to store the runoff generated. While designing this farm pond, it assumed
that at least three fillings occurred in the monsoon season. Therefore, the existing size of
FP justified this concept of catchment storage command. Even if the maximum expected
runoff volume of 1700 m3 produced by this catchment, as it assumed to occur in at least
three fillings per season and to be utilized in a cascading mode for the total collection of
rainwater. Hence, the designed capacity of the farm pond (560 m3) is able to store the
generated runoff easily.

Therefore, in an agricultural catchment of 2.0 ha with land configurations (field bunds,
ridges, and furrows, including ICS) in the southern zone of Rajasthan, rainwater can be
harvested in the range of 700–1700 m3, depending upon seasonal rainfall. Hence, the
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rainfall runoff relationship established with the concept of catchment storage relationship
in the form of an equation with a maximum regression coefficient (R2) value of 0.80.

Y = 2.5217X − 34.69 (1)

where X is runoff-producing seasonal rainfall in mm and Y is seasonal runoff in cubic
meters. This equation can be used for calculating the expected runoff for a forecasted
seasonal runoff, and accordingly, farmers can plan a cropping system for profitable returns.
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Figure 4. Rainfall runoff relationship in an agricultural watershed of 2.0 ha for the period 1994–2014.

From Figure 3, it can be observed that there were two high runoff-generating points
(1045.95 m3 and 1213.60 m3) for the years 2012 and 2013, respectively. The reason for high
generation runoff, as shown in Figure 3, was that there was a continuous rainfall of more
than 53 mm for more than five days, representing the antecedent moisture condition of the
soil of AMCIII [32].

It is observed from Table 4 that up to a maximum deficit of 50% in rainfall will be able to
generate runoff. The southern zone of Rajasthan with clay loam soils cannot generate runoff
if the rainfall goes beyond 50% deficit. Usually, beyond 50% deficit of rainfall represents a
drought condition in Rajasthan. As rainfall exceeds at above the long-term normal average,
then the runoff harvested would also increase proportionately. It also observed that in the
last 20 years, mean average runoff generated was maximum during the months of July
and August only during the monsoon season. These two months of the season were very
crucial for harvesting rainwater to a maximum designed capacity. This study’s results
reveal a minimum runoff in the range of 700–1700 m3 can be harvested depending upon the
seasonal rainfall with runoff-producing storms and antecedent moisture conditions of the
soil. Therefore, Equation (1) indicates the rainfall–runoff relationship, which established
purely on the basis physical observations of 20 year (1994–2014) from an agricultural
catchment. A threshold storage of 560 m3 was designed with an assumption of three fillings
occurring in a season, which can accommodate a maximum of 1700 m3 runoff volume with
the dimensions of farm pond top 16.5 m × 16.5 m, bottom 10.5 m × 10.5 m, and depth
3.0 m, with side slope of 1:1.

3.3. Design of Threshold Storage

The design of threshold storage depends on prevailing climate change conditions.
Threshold storage is a useful quantity of storage in a farm pond. Based on the results of
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a study conducted over 20 years, based on physically recorded data from an agricultural
watershed. From Equation (1) and Figure 4, it is observed that an agricultural watershed
with a catchment area of 2.0 ha, even after considering the in-situ conservation measures
of land configuration with field bunds, ridge and furrow, and intercropping system (ICS)
with rainfall either at a deficit of 50% or in normal to wet years will be generating a runoff
volume of 700–1700 m3. According to the Intergovernmental Panel on Climate Change
(IPCC), there have been a lot of extreme events since 1950, and most of the changes that
have taken place have been attributed to anthropogenic activities. This includes an increase
in the frequency of heavy precipitation events in various locations [33]. Based on the
present climate variable conditions, it can be assumed that a greater number of fillings
may occur in a season and be able to accommodate the maximum runoff generated with
a cascade mode of utilization. Therefore, the threshold storage possibly will be designed
for a runoff volume of 560 m3 so as to accommodate at least 33.3% of the runoff volume
generated in 2.0 ha of agricultural watershed, which occupies 4% of the catchment area.
Assuming a supplemental irrigation of 5 cm to be provided at the time of dry spells/critical
stages in kharif season and a supplemental irrigation at critical stages during rabi season,
so that it can cover up to a maximum of 1.0 ha.

3.4. Rainwater Utilization Strategy in Enhancing the WP of a Diversified Farming System in Kharif

The results of the experiment conducted to evaluate the effective utilization of har-
vested rainwater applied through drip irrigation as well as surface irrigation (flood) during
kharif season for the period 2009–2014 (5 years, data were not available for 2013) are dis-
cussed. Diversified cropping systems with crops, viz., sponge guard, ridge guard, bottle
guard, and kachari (cucumber), and their yields reported in terms of maize grain equivalent
yield (MGEY) are shown in Table 6.

3.4.1. Effect of Supplement Irrigation on Crop Yield

Supplemental irrigation, particularly in the upper soil layer, can directly raise the soil
water content [34]. The application of irrigation to crops through surface irrigation has
more conveyance losses before reaching the crop root zone. In the case of drip irrigation,
moisture applied around the root zone, which has more conveyance efficiency, being readily
available at root zone and promoting plant growth parameters like plant height, plant
circumference, leaf area, and number of leaves per plant [35]. Five-year average results
of these diversified crops with the application of harvested rainwater as a supplemental
irrigation of 5 cm (50% of Pan evaporation) through drip irrigation during dry spells and
sometimes in critical stages (Table 5) in different years (Figure 3) are shown. Significantly,
we recorded the highest maize grain equivalent (MGEY) yield (6497 kg/ha), which was
obtained by the drip irrigation method when compared with the surface irrigation method
of application (5565 kg/ha) (Table 6). In this drip irrigation method of application, 50% of
water saved, and moisture will be available at the root zone, with minimum conveyance
losses leading to higher yield and productivity, which in turn fetches higher income. The
impact of supplemental irrigation through a drip system enhanced maize grain yield by
17% over surface irrigation. However, the vegetable crops in terms of maize grain yield
with a 5 year mean recorded the highest yield in kachari (8348 kg/ha) (Figure 4), followed
by ridge gourd (7416 kg/ha), bottled gourd (6347 kg/ha), vegetable cowpea (6103 kg/ha),
and the least in sponge gourd (4927 kg/ha).

However, during the study period of 5 years (2009–14), the year 2009 was a drought
year with a deficit rainfall (50%); only maize stover was harvested, and under the 20% deficit
of rainfall years (2011 and 2014), a higher significant maize grain yield (8288 kg/ha-mm)
was recorded in 2011 when compared to 2014 (3869 kg/ha). This was because the rain-
fall uniformly distributed for the entire crop season, especially at critical crop stages
(Figure 3). For sole maize with a supplemental irrigation of 5 cm under critical stages
and dry spells, the average of the 5 year results showed significantly higher grain yield
production (4110 kg/ha) when compared to the control without any irrigation (2586 kg/ha),
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showing an increase of up to 58%. Therefore, in semi-arid regions with clay loam soils under
rainfed ecosystems, we recommend having diversified crops, like vegetables (sponge guard,
bottle guard, ridge guard, and vegetable cowpea), with the main crop grain equivalent
yield (maize).

3.4.2. Effect of Supplement Irrigation on System Water Use Efficiency

The application of supplemental irrigation (5 cm) during dry spells and critical stages
with a drip system with 5 year average values recorded significantly (p < 0.05) higher
maize grain system water use efficiency (5.25 kg/m3) compared to maize grain system
water productivity (3.00 kg/m3) with the surface irrigation method. The system water use
efficiency (regular rainfall and supplemental irrigation 5 cm) was significantly higher in a
normal rainfall year under uniform distribution when compared to an above normal (wet)
rainfall year, with a 20% deficit or even 50% deficit of rainfall (Figure 5). The application of
supplemental irrigation (5 cm) will act as a lifesaver to obtain a sustainable yield. In fact,
normal rainfall years with uniform distribution will provide more system water use efficacy
than a wet year or drought year. Under prevailing climate change weather conditions, it
is almost impossible to receive a long normal average rainfall with uniform distribution.
Hence, the supplemental irrigation of 5 cm would provide a sustainable yield in a rainfed
ecosystem under deficit rainfall years.
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Figure 5. System water use efficiency under different seasonal rainfall years during kharif.

Conversely, during the year 2009, sponge gourd yield vitiated due to severe drought
conditions. There was no rainfall during the months of September and October because
of the early withdrawal of the monsoon by 1 October. During kharif, 2013, an intermittent
dry spell of 14 days from 27 July to 11 August observed during the rainy season. This dry
spell adversely affected the crop development (Table 5). Another dry spell occurred from
31 August onwards, which drastically reduced the crop yields as the crops were under
peak vegetative phase and reproductive stage. Because of this, only biological maize grain
equivalent yield was recorded. Further, the biological yield reduced because of heavy weed
infestation and damage by blue bull. Maize recorded 5082 kg/ha straw yield with the
application of one irrigation (5 cm) during the dry spell period. Therefore, under the diver-
sified cropping systems, sponge gourd, bottle gourd, ridge gourd, vegetable cowpea, and
kachari would produce significantly maximum maize equivalent yield (enhanced by 17%),
higher water productivity, and a benefit/cost ratio with the application of supplemental
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irrigation (5 cm) under a drip system when compared to the surface irrigation method in
kharif season.

3.4.3. Effect of Supplemental Irrigation on Yield and Economics of Kharif Vegetables

Highest net returns with highest B:C ratio were recorded significantly (p < 0.05) with
supplemental irrigation (5 cm) through drip system during the year 2011 (5.1), followed
by 2012 (4.7), 2012 (3.95), 2014 (3.88), and 2009 (2.31) with four years average of 3.46
(Figure 6). The reasons for these results were supplemental irrigation, as well as normal
and uniformly distributed rainfall. During the drought year of 2009 also, the higher net
monitory returns with the B:C ratio (2.31) was recorded with supplemental irrigation and
Table A2 in Appendix A, shows the values of benefit cost ration and water productivity
during kharif season. These results also prove that under rainfed conditions, the application
of supplemental irrigation (5 cm) through a drip irrigation system will able to assure net
monitory returns, even during climate vulnerability. A drip irrigation system not only
saves the quantity of water, but also enables qualitative products (uniform color and size),
which fetches a higher price in the market.
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Figure 6. Benefit/cost ratio under different seasonal rainfall years (kharif ).

3.5. Rainwater Utilization Strategy in Enhancing the WP of Diversified Farming System in Rabi

In another experiment conducted to evaluate the effective utilization of harvested
rainwater, which was available for use in rabi season, supplemental irrigation through
surface as well as drip irrigation was applied in different diversified crops during critical
stages and in rabi season during the period of 2011–2014 (4 years).

3.5.1. Effect of Supplemental Irrigation on Yield and Productivity of Rabi Vegetables

The diversified crops like vegetables (sponge guard, coriander, pea pod, and brinjal)
were raised in rabi season and had supplemental irrigation (5 cm) applied through drip
irrigation during critical stages, especially at flowering. The crop (sponge guard, coriander,
pea pod, and brinjal) yields were converted into pea pod equivalent yield, and the results
were reported in terms of pea pod equivalent yield (PEEY). The significantly (p < 0.05)
recorded highest pea pod (four years average) equivalent yield (4669.25 kg/ha) was found
with the application of 5 cm supplemental irrigation with a drip system when compared to
the surface irrigation method (4058.75 kg/ha) (Table 5). Among the different rabi vegetable
crops, coriander (green) was recorded as the significantly highest pea pod equivalent
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(4 years mean) yield (5267.25 kg/ha), and the pea pod and brinjal yields in terms of pea pod
equivalent yields were in par with each other. In drip irrigation, moisture will be available
only near the root zone with less seepage and conveyance losses, apart from 50% water
saving, which leads to higher yield and productivity.

Mean results of the four-year study indicate that supplemental irrigation (5 cm)
through a drip system also significantly (p < 0.05) recorded higher pea pod water pro-
ductivity (1.70 kg/ha-mm) when compared to surface irrigation (0.89 kg/m3). Application
of harvested rainwater as supplemental irrigation with a drip system was very effective
in vegetable crops during rabi season and the value yield and economics for shown in
Table A1 of Appendix A. In drip irrigation, moisture will be available only near the root
zone with less seepage and conveyance losses, apart from 50% water saving, which leads to
higher yield and productivity. Therefore, under the diversified cropping systems like those
of coriander, pea pod, and brinjal crops, they would produce significant maximum pea pod
equivalent yield (increased by 15%) and higher water productivity with the application
of supplemental irrigation (5 cm) under the drip system when compared to the surface
irrigation method in rabi season (Figure 7).
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Figure 7. System water use efficiency under different seasonal rainfall years (rabi).

3.5.2. Effect of Supplemental Irrigation on the Economics of Rabi Vegetables

The average of the four-year (2011–2014) results indicates that the highest benefit/cost
ratio recorded significantly (p < 0.05) with the supplemental irrigation through drip system
(4.09) compared to the surface method of irrigation (2.89) (Figure 8). The reasons for these
results were that the supplemental irrigation through the drip system at the critical stage
(flowering) of vegetables helped in fruit farming and pod setting, in turn enhancing the
yield to obtain a higher market price. The drip irrigation system not only saves the quantity
of water but also enables qualitative products (uniform color and size), which fetches a
higher price in the market. During the study period, higher water productivity obtained
using the drip irrigation method of application when compared to the surface irrigation
method. The application of harvested rainwater as supplemental irrigation with a drip
system was very effective for vegetable crops during rabi season.
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Based on the above two studies, it can be inferred that supplemental irrigation of 5 cm
applied through a drip irrigation system enhanced productivity by 17% in maize equivalent
through vegetable crops and 59% higher for maize solely grown with a drip system in
kharif season, and proportionate results were also obtained for rabi season. Therefore,
two crops, maize in kharif and coriander (vegetable) in rabi season, were significantly
profitable with supplemental irrigation by the drip irrigation system. These results also
proved that a supplemental irrigation of 5 cm could enhance the yield, water productivity,
and benefit/cost ratio significantly. These results are on par with earlier studies too.
According to Patode et al. [36], in vertisols with an average rainfall of the region 817 mm, the
catchment–storage–command relationship showed rainwater harvested from a catchment
area of 5 ha and stored in farm pond of 2014.8 m3 was able to irrigate (command) an area of
about 4.0 ha, being mainly applied for crops like cotton and soybean. Efficient utilization
of harvested water can also be profitable by using farm pond with HDPE polythene lining,
as reported by earlier researchers for this region [30,37], so as to reduce the cost of lining
material when compared to cement, brick, and concrete lining.

3.6. Limitations of the Study

• A small category of farmers only can adopt this system, and 2–4% of farmland will be
lost to the RWH structure.

• The cost of excavation, including cement concrete lining.
• The results obtained are location/site specific.
• Evaporation losses were not accounted here.

4. Conclusions

• Based on the results and discussion, in semi-arid regions of Rajasthan, India, with an
average annual rainfall of 657 mm in clay loamy soils (ustochrepts), an agricultural
catchment of 2.0 ha is able to harvest a threshold volume in the range of 700–1700 m3,
depending on seasonal rainfall. This water can be stored in a RWH structure (farm
pond) of a capacity of 560 m3 by considering/assuming at least three fillings occur in
monsoon season.

• A farm pond of a capacity of 560 m3 can accommodate, even if there is minimum
runoff on average and below-average rainfall years and maximum runoff in a wet
year where the rainfall receives more than average.
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• Harvested rainwater can be efficiently utilized through drip irrigation to a command
area of 1.0 ha in both the seasons (kharif and rabi) by providing a supplemental
irrigation of 5 cm in each season under a normal rainfall situation for dominant crops
in the regions like maize and vegetables (coriander).

• Regular desilting of the farm pond will be required to maintain a designed storage,
and the silt material can be applied to crop fields of the command area, which in turn
enriches the nutrients.

• In the semi-arid tropical region of Rajasthan, India, with a farming situation of loamy
soils, a catchment of 2.0 ha of agricultural micro watershed can be stored in a RWH
structure (farm pond) of a capacity of 560 m3 and can be able to supply an irrigation
of 5 cm to a command area of 1.0.
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Appendix A

Table A1. Water productivity and economics of vegetable yields during rabi season.

S. No. Treatment
Water Productivity (kg/m3) B:C Ratio

2011 2012 2013 2014 Mean 2011 2012 2013 2014 Mean

Rabi crops

1 Coriander green 1.58 1.27 1.39 1.79 1.51 6.68 4.68 3.18 2.37 4.23

2 Pea pod 1.5 1.5 1.3 1.17 1.37 5.77 4.69 2.79 1.29 3.63

3 Brinjal 0.78 0.86 0.84 1.37 0.96 3.36 3.7 2.35 1.47 2.72

4 S.E m± 0.12 0.35

5 C.D at 5% 0.41 NS

CV(%) 18.39 19.82

6 Surface irrigation 0.82 0.94 0.94 0.87 0.89 4.43 3.49 2.39 1.24 2.89

7 Drip irrigation 1.75 1.43 1.6 2.02 1.70 6.11 4.66 3.42 2.18 4.09

8 S.E m± 0.10 0.12

9 C.D at 5% 0.46 0.53

CV(%) 15.90 6.70
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Table A2. Water productivity and economics of vegetable yields during kharif season.

S. No. Treatments
Water Productivity (kg/m3) B:C Ratio

2009 2010 2011 2012 2014 Mean 2009 2010 2011 2012 2014 Mean

1 Sponge gourd 0 3.34 3.2 2.63 2.18 2.27 0 2.95 4.42 3.71 2.65 2.75

2 Bottle gourd 3.99 2.93 3.32 3.11 2.27 3.12 2.11 2.7 4.75 4.48 3.36 3.48

3 Ridge gourd 6.01 5.6 2.92 3.16 2.07 3.95 2.88 3.69 3.82 4.59 2.94 3.58

4 Kachari (cucumber) 7.84 7.84 6.46 4.74 3.56 6.09 4.09 5.49 6.53 6.17 5.34 5.52

5 Veg cow pea 3.66 6.2 4.33 4.42 2.77 4.28 1.62 3.8 3.81 4.8 3.28 3.46

S.Em± 0.54 0.25

C.D (at 5%) 1.63 0.75

CV (%) 30.78 14.81

1 Surface irrigation
(5 cm) 2.7 3.46 2.45 4.36 2.02 3.00 1.97 3.51 4.33 4.36 3.15 3.46

2 Drip irrigation
(5 cm) 5.9 6.91 5.64 4.7 3.12 5.25 2.31 3.95 5.01 4.7 3.88 3.97

S.Em± 0.45 0.06

C.D (at 5%) 1.78 0.23

CV (%) 24.53 3.56

1 Sole maize (irrigated) 5 cm 0 5.56 5.83 5.83 3.59 4.16 0.22 3.99 3.77 4.57 2.17 2.94

2 Sole maize unirrigated 0 3.34 3.2 2.63 2.18 2.27 0.55 4.29 3.28 3.69 1.75 2.71

S.Em± 0.39 0.17

C.D (at 5%) 1.54 NS

CV (%) 27.32 13.23

Normal seasonal rainfall (mm)

Actual seasonal rainfall (mm) 306.8 593.0 509.7 963.8 521.6
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