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Abstract: In Kurnool district, due to the hot, arid climatic conditions, proper study of crop evapo-
transpiration and its effect on crop water demand for various crops is an extremely important issue.
More focus will be given to the design and development of surface irrigation systems based mostly
on furrow irrigation, as the rainfall pattern for this district was irregular in 2005. The crop water
requirement and furrow irrigation design parameters for optimising the beneficial utilisation of
available water resources and field performances are studied in this research. Some major crops,
such as cotton, sugarcane, sorghum, maize, and sunflower, are considered when adopting a suitable
furrow irrigation system for soil conditions of the types black clay, red loamy, and medium loam. The
reference crop evapotranspiration was estimated for 2005 based on the Penman–Monteith equation
as per FAO guidelines by the CROPWAT 8.0 model. Crop Water Requirement (CWR), Net Irrigation
Requirement (NIR), and Gross Irrigation Requirement (GIR) were determined for available climatic
and soil conditions. Soil surface characteristics were studied using AQUACROP 6.1 and compared
with CROPWAT 8.0 for model accuracy. Various conservative and non-conservative crop characteris-
tics were studied under limited set conditions, and correlation equations were developed between
different parameters. Moreover, different furrow irrigation design parameters were considered by
FURDEV (a module of the SURDEV model) for three modes of operation (i.e., fixed flow, cutback
flow, and tailwater reuse method) under modified SCS (Soil Conservation Service) families of soil
infiltration characteristics. NIR values were 200 mm, 1423.2 mm, 220 mm, 150 mm, and 150 mm for
cotton, sugarcane, maize, sorghum, and sunflower, respectively. A maximum significant dry yield
was observed for maize (13.586 tonnes/ha). Additionally, the maximum application efficiency and
storage efficiency were obtained at 95.5% for sorghum and 99.3% for sunflower, which would be a
beneficial outcome of this research. In general, the results of this research might be very effective for
the irrigation authority of Kurnool District to plan suitable approaches for designing and developing
proper water management systems.

Keywords: crop water requirement (CWR); field performances; dry yield; conservative and
non-conservative crop characteristics; AQUACROP 6.1 software; FURDEV model

1. Introduction

Due to the current population increase, a shortage of food might be observed in the
future. Therefore, it is a very important issue to ensure food security by increasing crop
productivity in a more advanced technical manner and to design and develop suitable
arrangements to allow the growth of crops in a well-managed way under the existing
climatic and environmental conditions. The rainfall pattern for Kurnool district, in India,
was insufficient and irregular in 2005. A very small amount of rainfall (only 11 mm)
occurred during the winter season (i.e., from January to March). Most of the crops were rabi
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crops, which faced significant soil moisture stress at the root zone. Then, a considerable
quantity of water from irrigation was distributed to meet the low crop productivity.

It is important that the water demands of various crops are studied at different
management levels to achieve effective irrigation management [1]. Therefore, evaluation
of crop evapotranspiration and crop water requirement (CWR) with high accuracy and
precision is a challenging issue, mainly in some arid and semi-arid regions. Irrigation
is an important and costly input in agriculture consisting of high management and field
accuracy for increasing food production. Several computer models are now available,
such as CROPWAT 8.0, for proper assessment of CWR and irrigation schedules [2]. It is
calculated from effective rainfall, available climatic and meteorological parameters, and soil
moisture conditions [3]. CROPWAT 8.0 also simulates reference crop evapotranspiration
soil characteristics and is responsible for showing cropping patterns under different rainfed
and non-rainfed conditions over the available irrigated area [4,5]. Crop water demand is
obtained by the product of estimated reference crop evapotranspiration and crop coefficient
(Kc) based on different crop growth stages [6]. Kc mainly depends on crop type and its
growth period, soil water condition, frequency of irrigation, canopy development, leaf
area index (LAI), etc. [7,8]. Crop evapotranspiration can be determined from the climatic
data by directly integrating the crop resistance, albedo, and air resistance factors in the
Penman–Monteith approach [9]. Actual evapotranspiration (ETa) is determined by taking
into account the stress function (i.e., water stress coefficient Ks, so that ETa = Ks · ETo)
depending on the actual moisture content at the root zone [10]. Therefore, planning and
management of irrigation water from different sources are most important in the arid and
semi-arid regions. For that, proper evaluation of CWR can be effectively understood for
better and more efficient utilisation and conservation of irrigation water [11]. The Indian
economy is highly dependent on agriculture, and water is a key element in agriculture [12].
So, the productivity of crops should be enhanced with the minimum utilisation of available
surface water and groundwater resources. Improper irrigation management and water
estimation are two of the main reasons for increasing irrigated area, as well as poor growth
and development of crops, and are responsible for reductions in crop yield [13]. Factors
like poor soil fertility, increased soil salinity, overapplication of fertilisers, and poor field
management may limit crop production and crop evapotranspiration [14].

In Kurnool district, irrigation is mainly carried out from canals, tanks, tube wells,
and some other sources. The crops studied in the present research are generally culti-
vated by furrow irrigation. Improvement of water productivity in furrow irrigation can be
achieved by proper application of this water at the right time with an accurate flow rate [15].
This basically consists of proper design of furrow length, irrigation timings, and furrow
cross-sections [16]. Discharge and furrow length are two major elements that increase irri-
gation efficiency, and furrow irrigation is widely adopted as a form of surface irrigation [17].
There are so many methods for designing and developing surface irrigation systems [18].
SURDEV is one of the most effective platforms for planning and designing border, basin,
and furrow irrigation. FURDEV is used for furrow irrigation [18,19].

To determine the furrow irrigation design parameters accurately and to obtain an
attainable yield for the crops, FAO has developed a yield response to a water model
called AQUACROP. Different conservative and non-conservative crop parameters such
as canopy development, canopy senescence, root zone expansion, biomass, harvestable
yield, flowering, and potential vegetative growth stage are important physiological crop
responses to water stress [8,20]. It also provides information on different soil characteristics
along different soil horizons.

From the above literature, it is concluded that most of the researchers have focused
on the determination of the crop water requirement, gross and net irrigation requirement,
and irrigation scheduling for different types of crops under different soil and climatic
conditions. Moreover, in some studies, furrow irrigation design parameters were being
discussed from different perspectives. The use of various programmes and software such
as SAS 9.2 [21], CROPWAT 8.0, and CLIMWAT 2.0 had been studied, which would provide
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a lot of knowledge and ideas. However, the crop characteristics, conservative and non-
conservative crop parameters, crop phenology, biomass production, and crop yield, along
with the proper irrigation method to develop a well-designed irrigation system and control
the use of water, were not evaluated in the past studies.

Therefore, the objectives of this study are: (i) to estimate the reference crop evapo-
transpiration and the crop evapotranspiration under standard conditions for the studied
crops under a single crop coefficient approach; (ii) to determine the crop water require-
ment and the net and gross irrigation requirements under various field conditions and
to show the contribution of effective rainfall; (iii) to obtain the soil surface characteristics
and to develop an inter-relation between them and the crop characteristics; and (iv) to
obtain suitable furrow irrigation design parameters under existing field management and
climatic conditions.

2. Materials and Methods
2.1. Study Area

The study area is the Kurnool District in India. Its location map is shown in Figure 1.
The district has an altitude of 95 m above sea level (a.s.l.), Latitude 14◦54′ and 16◦18′ N and
Longitude 76◦58′ and 79◦34′ E. The mean monthly temperature ranges from 36 ◦C in the
summer to 21.5 ◦C in the winter season. The climate in this area is tropical. The major soil
types are basically black clay soil, red loamy soil, and medium soil (loam soil). The major
sources of irrigation water are usually canals and tube wells. The planting date, harvesting
date, and type of soil for the studied crops are tabulated below (Table 1).
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Figure 1. Location map of Kurnool District in India.

Table 1. Planting date, harvesting date, and type of soil for the crops under study.

Crops Planting Date Harvesting Date Type of Soil

Cotton 03/08/2005 29/01/2006 Black Clay Soil

Sugarcane 15/09/2005 14/09/2006 Medium (Loam) Soil

Maize 07/05/2005 08/09/2005 Red Loamy Soil

Sorghum 06/11/2005 05/03/2006 Red Loamy Soil

Sunflower 28/01/2005 06/06/2005 Red Loamy Soil
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2.2. Meteorological Data

Meteorological and climatic data for the Kurnool district from 1 January to
31 December 2005 were taken from CLIMWAT 2.0. The data was available only for
this year. However, the present work—albeit with some limitations—tries to perform
long-term variations of the meteorological and climatic parameters with their effects on
reference crop evapotranspiration and crop production as well. The monthly maximum and
minimum temperature (◦C), relative humidity (%), sunshine radiation (MJ/m2/day), wind
speed (km/day), and rainfall value (mm) were used as input to estimate the reference crop
evapotranspiration (ETo) in mm/day from the Penman–Monteith equation (Equation (1))
as per FAO guidelines by CROPWAT 8.0 [14]:

ETo = [0.408∆(Rn − G) + γ900/(T + 273) (es − ea)u2]/[∆ + γ(1 + 0.34u2)] (1)

where ∆ = slope of the saturation vapour pressure versus temperature curve (KPa/◦C),
Rn = net heat radiation (MJ/m2/day), G = soil heat flux (MJ/m2/day), γ = pschycometric
constant (KPa/◦C), (es − ea) = saturation vapour pressure deficit (KPa), T = mean air
temperature in (◦C), and u2 = wind speed at a height of 2 m from the ground surface (m/s).

The Leaf Area Index (LAI) is an important parameter used to calculate the surface
resistance (rs), which is a key factor in the Penman–Monteith equation. It is basically calculated
by Equation (2) based on FAO Irrigation and Drainage Paper 56, as given below [14]:

LAI = 24·h (2)

where LAI is the leaf area index (m2/m2) and h is the crop height (m) and can be estimated
through the FAO Irrigation and Drainage Paper 56 [14]. CROPWAT 8.0 performs the
determination of LAI according to the FAO guidelines. However, for obtaining seasonal
variation in canopy cover and plant growth, LAI plays a key role, and its determination
may include some direct and indirect measurements.

CROPWAT 8.0 also simulates crop water requirements, cropping patterns, and ir-
rigation scheduling for daily moisture balance and crop evapotranspiration under both
standard and non-standard situations for different soil, climatic, and crop conditions. The
irrigation scheduling for the crops under study was performed by CROPWAT 8.0 using
the irrigation timings and irrigation application as follows: (a) irrigation at a fixed interval
per crop growing stage; (b) fixed application depth; (c) refill soil at field capacity; and
(d) irrigation at critical depletion. In the present study, the fixed percentage method to
calculate the effective rainfall as described in Equation (3) was used [22]:

Peff = a·Ptotal (3)

where Peff is the effective rainfall (mm), a (which is a user-defined parameter) is the fraction
of total rainfall getting converted into Peff, and Ptotal is the total rainfall (mm).

2.3. Crop Data

The crop data consisting of crop growing period (planting and harvesting time), crop
height, and suitable soil were taken from the irrigation profile of the Kurnool District
(Agriculture Contingency Plan of Kurnool District). The crop coefficients (Kc) at different
growth stages (i.e., initial stage, crop development, mid-season stage, and late season stage)
were taken from FAO Irrigation and Drainage Paper 56 [14].

The simulation of crop evapotranspiration, ETc, was performed under non-water
stress conditions, without the application of fertilisers, growth of weeds, or adverse field
management conditions. ETc was calculated by associating the crop coefficient (Kc) to ETo.
During the initial period of the crop growth stage, only a very small canopy covers the
ground surface. So, a lower value of Kc was found at this growing period with a shorter
growing length. At the crop development stage, almost the maximum canopy covers the
ground (i.e., 70–80% of the ground). The mid-season stage lasted after crop development
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until the crop attained full maturity. The maximum height, the building of the Harvest
Index (HI), and flowering started at this phase. The Kc value will also increase, and it is
affected by wind speed and relative humidity. Kc,mid (i.e., Kc at the mid-season stage) and
Kc,end (i.e., Kc at the end stage) values can be adjusted according to the climatic parameters
when the minimum relative humidity is more than 45% and the wind speed is more than
2 m/s [14] as follows:

Kc,mid,adj = Kc,mid,table + [0.04(u2 − 2) − 0.004(RHmin − 45)](h/3)0.3 (4)

Kc,end,adj= Kc,end,table + [0.04(u2 − 2) − 0.004(RHmin − 45)](h/3)0.3 (5)

where Kc,mid,table and Kc,end,table for each crop are taken from FAO Irrigation and Drainage
Paper 56 [14]. Moreover, h is the crop height (m).

Similarly, different crop characteristics can be obtained from AQUACROP 6.1
under limited set conditions for given climatic conditions, soil type, and surface irri-
gation method [8]. Set conditions basically include crop development and production
parameters (mainly crop phenology and crop growth stages), namely, the Growing Degree
Days (GDD), the canopy development under no fertility, and the water and salinity stresses.
The growing degree days (◦C days) are calculated based on the maximum, minimum, and
base temperatures. Depending on the availability of data and simulation modes, crop
development can be expressed dynamically either in calendar or thermal time. GDD is
used to evaluate thermal time, as described by (Equation (6)) [8]:

TGDD = (Tmax + Tmin)/2 − Tbase (6)

where TGDD is the temperature that determines proportional crop growth and development
(in degrees); Tmax and Tmin are the maximum and minimum air temperatures, respectively
(in degrees); Tbase is the temperature below which crop development stops (in degrees).

2.4. Input Variables for Furrow Irrigation

In this study, different field parameters and input variables for furrow irrigation
were taken from the software SURDEV—Surface irrigation software: design, opera-
tion, and evaluation of basin, border, and furrow irrigation [19]. The entire simulation
was performed under the FURDEV (a module of the SURDEV package) programme,
where the soil infiltration characteristics were analysed according to Kostiakov–Lewis’s
equation (Equation (7)) [19]:

I = kTA + foT (7)

where I = cumulative infiltration depth, k = empirical coefficient, A = empirical exponent,
and fo = basic infiltration capacity.

The soil surface characteristics for black clay, medium (loam) soil, and red loamy soil
were analysed by AQUACROP 6.1 for the given climatic conditions, type of crop, crop
characteristics, irrigation practises, and field conditions. The results were compared with
the available soil data in CROPWAT 8.0 to check the accuracy of the simulation for utilising
the beneficial outcomes in further studies.

3. Results
3.1. Reference Crop Evapotranspiration and Effective Rainfall

Figure 2 contains the different meteorological parameters (i.e., maximum and mini-
mum temperature, relative humidity, wind speed, sunshine hours, and radiation) used to
calculate the reference crop evapotranspiration by CROPWAT 8.0. Figure 3 shows the total
rainfall amount (in mm) for each month in 2005; the effective rainfall was calculated based
on the fixed percentage method. Here, the fraction a in Equation (3) is taken as 80% of total
rainfall to account for the losses due to percolation or runoff. Basically, various methods are
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available in CROPWAT 8.0 (fixed percentage method, dependable rain empirical formula,
USDA soil conservation service) [22].
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Figure 3. Monthly variation in rainfall and effective rainfall for Kurnool district in 2005.

From the observations (Figure 2), ETo was increasing from January to June due
to the increase in temperature, wind speed, and sunshine hours and decreasing from
July to December. It was found that the highest value of ETo was 7.94 mm/day and the
lowest was 3.40 mm/day in June and December, respectively. ETo was thereby greater in
the dry season due to the monthly increase of the mean temperature, wind speed, radiation,
and sunshine hours [5]. The differences in ETo values reflect the variations in weather
parameters for this study area. Low relative humidity, high temperatures, and high wind
speeds during the dry season increased ETo [23]. Moreover, it can be observed from Figure 3
that most of the rainfall occurred during the period May–October, and effective rainfall
almost meets total rainfall during the summer and winter seasons. It was at its maximum in
August and September, and the difference between total and effective rainfall was also high,
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mainly in August and September. It results in more accumulation of water in the field as
well as less irrigation, which could be possible with minimal losses during that period [24].
The total rainfall for 2005 was 616 mm, and the effective rainfall was estimated at 492.8 mm.
Effective rainfall increased from April to September, and after that, it decreased from
September to December, reaching its minimum value in the months of March and December
of 1.6 mm. This indicates that effective rainfall was substantial during these months to
meet crop demand [25].

3.2. Crop Water Requirement and Irrigation Schedule

Tables 2 and 3 show, respectively, the crop water requirement (CWR) and the irrigation
scheduling for different irrigation conditions for cotton. Similarly, Tables S1–S8 (S stands
for supplementary data) show the same for sugarcane, maize, sorghum, and sunflower,
respectively. In Table 3, Tables S2, S4, S6 and S8, the water stress coefficient was estimated
by the following set of equations [Equations (8a) and (8b)] [14]:

KS = (TAW − Dr)/(1 − p)·TAW for Dr > RAW (8a)

KS = 1 for Dr > RAW (8b)

where Ks = water stress coefficient, Dr = root zone depletion, p = fraction of TAW that is
available at the root zone to be used by the crops, RAW = readily available water, and
TAW = total available water.

Table 2. Kurnool district: crop water requirement for cotton in 2005.

Month Decade Stage Kc ETc ETc Eff. Rain. Irr. Req.

[-] [mm/day] [mm/dec] [mm/dec] [mm/dec]

August 1 Init. 0.35 2.0 15.6 22.7 0.0
August 2 Init. 0.35 1.9 19.2 28.5 0.0
August 3 Init. 0.35 1.8 20.2 30.4 0.0
September 1 Dev. 0.42 2.1 21.3 33.6 0.0
September 2 Dev. 0.58 2.8 28.1 35.9 0.0
September 3 Dev. 0.74 3.5 35.3 32.8 2.5
October 1 Dev. 0.90 4.2 42.2 30.1 12.1
October 2 Dev. 1.06 4.9 48.8 28.1 20.7
October 3 Mid. 1.15 5.0 54.5 21.0 33.5
November 1 Mid. 1.15 4.6 46.3 12.2 34.1
November 2 Mid. 1.15 4.3 43.0 5.1 38.0
November 3 Mid. 1.15 4.2 41.8 3.6 38.2
December 1 Mid. 1.15 4.0 39.7 1.7 38.0
December 2 Late 1.13 3.7 37.4 0.0 37.4
December 3 Late 1.01 3.6 39.3 0.0 39.3
January 1 Late 0.88 3.3 33.3 0.0 33.3
January 2 Late 0.75 3.0 30.0 0.0 30.0
January 3 Late 0.63 2.7 24.3 0.1 24.2
Total 620.3 285.8 381.3

The water stress coefficient (Ks) was used to calculate the adjusted crop evapotranspi-
ration under non-standard conditions for different crops while simulating the irrigation
scheduling. In Table 3, Tables S2, S4, S6 and S8, the adjusted crop evapotranspiration under
non-standard conditions was estimated as (Equation (9)) [14]:

ETa = KS·ETc (9)

where ETa = adjusted crop evapotranspiration under non-standard conditions and
ETc = crop evapotranspiration under standard conditions.
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Table 3. Kurnool district: irrigation schedule for cotton at a fixed application depth of 100 mm and
irrigation at critical depletion in 2005.

Date Days Stage Rain Ks Eta Depl. Net. Irr. Deficit Loss Gr. Irr. Flow

[mm] [frac.] [%] [%] [mm] [mm] [mm] [mm] [l/s/ha]

28 November 118 Mid. 0.0 1.00 100 66 100.0 85.9 0.0 142.9 0.14

31 December 151 End 0.0 1.00 100 74 100.0 108.6 0.0 142.9 0.50

29 January End End 0.1 1.00 73 69 - - - - -

Table 2 indicates that cotton requires fewer irrigation operations for the period
August–October, while a significant amount of water is required during November–January.
The temporal trend of Kc is uniform during the initial stage, has an increasing slope in
the crop development stage, is still uniform in the mid-season stage, and has a decreas-
ing slope at the time of harvesting. The planting date for cotton is 03/08/2005, but the
irrigation is performed on 28/11/2005, depending on the timing of the irrigation and
application of irrigation water. The water stress criteria are not significant here, and the
crop can beneficially extract the water it needs. Effective rainfall satisfies almost 46% of the
total water requirement of cotton, and no irrigation operation was done for the months of
August and September. Frequent irrigation should be done during the mid- and late-season
stages, mainly in the late-season stage as there was no rainfall. The maximum crop coef-
ficient was achieved at the mid-season stage, resulting in a higher ETc. Effective rainfall
exceeds crop water demand during the initial and crop development stages of cotton,
resulting in no irrigation operations during that period. Maximum irrigation was done at
mid-season and late-season stages, with a total water depth of 346 mm constituting almost
90.7% of the total irrigation requirement.

Table 3 shows the irrigation scheduling for cotton, obtained at a fixed application
depth of 100 mm and irrigation at critical depletion. The proper amount of water and
timing of irrigation are determined by the irrigation schedule [26–28]. The irrigation started
118 days after planting. The next watering is performed after 33 and 29 days, respectively,
from the previous watering. The rooting depth of cotton at the initial growth stage is
0.3 m and is linearly increasing with increasing the growing period and will attain a
constant value of 1.40 m. The critical depletion fraction is significant and at its maximum
stage of harvesting. Therefore, drought stress occurs at the root zone, affecting crop
production. Thus, a larger amount of water is needed to be supplied at a high flow rate
of 0.5 L/sec/hectare. At this stage, the soil moisture deficit is also high. During the entire
growing period of cotton, the root zone depletion is below the RAW, resulting in no water
stress. Root zone depletion was found to be comparatively higher at the mid-season and
late-season stages due to less rainfall. Adjusted evapotranspiration almost satisfied crop
evapotranspiration as there was no water stress in the soil moisture zone. Comparatively,
less water was supplied at a flow rate of 0.14 L/sec/hectare during the early period of
the mid-season stage due to a low water deficit. During the transmission of water from
the source to the root zone, part of it is lost due to percolation, infiltration, surface runoff,
and transmission losses. Therefore, irrigation efficiency must be calculated to account
for the losses and to evaluate NIR to increase the moisture content up to field capacity.
The irrigation module is calculated by considering the highest ETc value [26]. CWR and
irrigation scheduling were similarly analysed for other crops (Tables S1–S8).

Sugarcane, being a perennial crop, requires water for the entire base period. Whereas
sorghum requires a larger amount of water for cultivation as it is a rabi crop. Maize has a
base period from May to September, and almost enough rain occurs during these months.
Hence, frequent applications of water are not necessary.

For sunflowers, very little rainfall would occur. Hence, the cultivation of this crop
involves a significant cost, as almost 91% of the total water requirement has to be satisfied
by irrigation. Irrigation scheduling for sugarcane is obtained at refill soil at field capacity
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and irrigation at critical depletion. The irrigation operation is started after 124 days of
planting, and there is no water stress problem throughout the entire crop period. Since,
in this case, the soil is not saturated up to its field capacity, a significant amount of water
needs to be supplied to avoid root zone depletion. Simultaneously, GIR is also high at each
irrigation phase. Since this crop canopy expansion rate is very high, significant transpiration
would take place, resulting in a high value of Kc throughout the entire growing period.
Subsequently, ETc is also high.

Almost 94% of ETc is fulfilled by irrigation for sorghum. The Kc value is compara-
tively low as it is a medium-deep-rooted crop. It is cultivated at a 50 mm depth of water
application and at critical depletion. The first watering is given to the crop 68 days after
direct sowing. The entire NIR is satisfied by three intervals of irrigation. At each phase
of irrigation, a significant moisture deficit is observed, which ultimately affects crop pro-
ductivity. Almost 54% of the moisture in the available water is depleted at harvesting for
sorghum. Actual irrigation requirements and actual and potential water used by any crop
can be estimated by the following equations (Equations (10)–(12)):

Ia = NIR + DMH (10)

AET = Ia + Peff (11)

PET = AET/ηi (12)

where Ia = actual irrigation requirement (mm), DMH = moisture deficit at harvest (mm),
AET = actual water used by the crop (mm), Peff = effective rainfall (mm), PET = potential
water used by the crop (mm), and ηi = efficiency irrigation scheduling (%).

All the parameters are simulated by CROPWAT 8.0. Equations (10)–(12) are valid
only when irrigation is done at critical depletion and for a fixed application depth at
field capacity.

Sunflower has a constant Kc value in the initial and mid-season stages. As it is a
deep-rooted crop and it uses almost 77% of its base period to attain its maximum height,
the canopy expansion rate is initially low, and at the mid-season stage, the transpiration
rate is almost uniform. Thus, the Kc value remains the same throughout the initial and
mid-season stages of crop development.

The following NIR values of 200 mm, 1423.2 mm, 220 mm, 150 mm, and 150 mm for
cotton, sugarcane, maize, sorghum, and sunflower, respectively, were obtained. The number
of irrigation applications for cotton, sorghum, and sunflower was three times, for sugarcane
it was five times, and for maize it was four times [26]. The gross irrigation requirement was
estimated by considering 70% application efficiency for the furrow irrigation system. It
basically varied between 60 and 80% for surface irrigation systems [22]. It is a user-defined
parameter. Similar results were obtained for the remaining crops by using CROPWAT 8.0.

Figure 4 shows the soil water retention-growing length curve for the cotton. Figures S1–S4
show the same for the other crops. Soil water retention basically indicates the depletion of
soil moisture with reference to the Total Available Water (TAW) and the existing water that
the plants can extract for their growth. Growing length for a crop will give the duration of
different growth stages from sowing to harvesting.

For cotton, TAW is uniform after the crop development stage, resulting in constant
crop height. However, RAW is constant up to 55 days of crop growth, and after that, it
will significantly fall as moisture depletion is very high. Figure 4 shows the irrigation
scheduling for cotton at a fixed application depth of 100 mm and irrigation at critical
moisture depletion. From Figure 4, it is clear that initially the moisture depletion level
for cotton is low as a percentage of field capacity, FC, as effective rainfall almost satisfies
the water demand. It increased linearly after the crop development stage, and moisture
depletion was at its maximum, i.e., almost 71.4% of total available moisture (TAW), at
150 days from its showing due to less rainfall. The water deficit at the root zone increased
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by 7.14% within 32 days after the crop development stage, and it was again decreased by
3.6% within 30 days after the mid-season stage as the flowering stage had been reached at
that time and the water requirement was comparatively low for attaining full maturity.
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From Figures S1–S4, it can be observed that the moisture depletion for sugarcane is
not seen in the soil water retention—crop period curve after 124 days of planting. After
49, 38, 35, and 43 days of consecutive irrigation applications, no moisture deficit was found.
Here, TAW and RAW are constants throughout the planting and harvesting of the crop.
Initially, the moisture depletion did not occur until 65 days after planting. Therefore, it
did not affect the crop growth, but at the time of harvesting, it was low, and the variation
of moisture depletion showed a marginal difference throughout the initial to mid-season
stage. For maize, TAW was initially 55 mm and then increased linearly up to 180 mm,
and after that, it was constant at 55 days after planting. The crop height for maize also
varies between 0.3 m and a maximum of 1.0 m. Thus, a linear relationship (Figure S5) was
obtained between the TAW and the crop height for maize.

h = 0.0056·TAW − 0.008 (13)

where h = crop height (m) and TAW = total available water as soil water retention (mm)—as
already remarked previously.

For sorghum, irrigation started at a 50% moisture depletion level. However, with
the passage of time, significant irrigation helped to achieve RAW as 80% of TAW, and this
condition occurred after 90 days from the crop planting (i.e., after the mid-season stage).
Here also, a linear relationship was found (Figure S6) between the crop height and TAW:

h = 0.0056·TAW − 0.0103. (14)

For sunflowers, the maximum moisture depletion occurred 105 days after planting
(i.e., 93% of TAW). From Figure S4, RAW was 45.4% of TAW, and it was then linearly
varying up to the crop development stage. Then, it remained constant up to the end of the
mid-season stage and was almost 50% of TAW. Then RAW achieved 78.7% of TAW at the
end of the mid-season stage and up to harvesting. The following best-fit curve between the
moisture depletion percentage and TAW was obtained for sunflower (Figure S7):

TAW = −0.0533·MD2 + 8.099·MD − 64.436 (15)
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where MD = moisture depletion percentage. The above relationships (Equations (13)–(15))
were achieved based on the simulated output obtained from CROPWAT 8.0.

3.3. Crop Characteristics

Table 4 shows different conservative and non-conservative crop parameters for cotton.
Tables S9–S12 show the same for maize, sorghum, sugarcane, and sunflower, respectively,
under no-water, salinity, and fertility stress.

Table 4. Kurnool district: crop characteristics for cotton.

Crop Characteristics Parameter Unit Observation/Value/Remark

Canopy cover
Growth of Initial Canopy [-] Good canopy cover

Initial Canopy Cover (CCo) [-] 0.32

Type of planting method:
direct sowing

Canopy Size [cm2/plant] 6.0

Plant Density [plants/ha] 53,333

Canopy development

Canopy Expansion [-] Moderate expansion

Maximum Canopy Cover (CCx) [%] 95

Canopy Decline [-] Very slow decline

Time to reach different growth stages
from sowing

Emergence [days] 14

Maximum Canopy [days] 112

Senescence [days] 144

Maturity [days] 180

Flowering and yield formation
Length Building up HI [days] 111

Duration of Flowering [days] 52

Time to reach flowering, maturity, and
potential vegetative growth from sowing

Flowering [days] 64

Maturity [days] 180

Potential Vegetative Growth [days] 140

Root deepening: medium rooted crop

Maximum Effective Rooting Depth [m] 1.30

Average Root Zone Expansion [cm/day] 1.20

From day 1 after Sowing to
Maximum Depth [days] 98

Crop production (no water, fertility or
salinity stress)

Type of Crop [-] C3

WP* [ton/ha] 0.150

Reference Harvest Index (HI) [%] 35

Biomass [ton/ha] 9.144

Dry Yield [ton/ha] 2.887

ET Water Productivity [kg/m3] 0.73

HI adjusted [%] 31.6

The initial canopy cover for cotton was 32% of the maximum canopy cover, and the
canopy senescence occurred after 32 days from when the maximum canopy had been
reached. The time taken to reach maximum canopy was 62% of the total growing period,
and senescence occurred 32 days after reaching maximum canopy cover as significant
moisture depletion was seen at this phase. This indicates that significant transpiration can
take place throughout the entire growing cycle. The temporal growth of the cotton canopy
is given by Equation (16)—with a coefficient of determination of R2 = 0.99—and shown
in Figure 5.

GCC = −0.0149·B2 + 4.172·B − 183.34 (16)
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where GCC = growth of canopy cover (%) and B is the crop growth period in days. GCC
indicates the development of canopy structure, and crop growth period indicates the time
taken by a crop to reach every stage of its development.
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Figure 5. Variation of canopy cover growth with the crop growing period length for cotton.

Similarly, the variation of the root zone development for cotton with the crop growth
cycle (Figure 6) can be expressed as follows (R2 = 0.99):

Zr = 0.0652·B0.657 (17)

where Zr = root zone depth (m) and B is the crop growth period in days, as previously stated.
The developed equations (i.e., Equations (16) and (17)) from Figures 5 and 6, respectively,
are based on the simulated crop characteristics for cotton in AQUACROP 6.1, depending
on the available climatic and soil parameters.
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Figure 6. Variation of root development with the crop’s growing length for cotton.

The development of the Harvest Index (HI) with the growth period for cotton showed
a gradually increasing slope with a minimum value at the start of the flowering stage and a
constant value at the start of maturity (i.e., HI around 35%). Being a C3 type of crop, the
slope of the curve between the biomass production and ∑Tr/ETo is less as compared to that
of C4 crops. Here, Tr is transpiration from the plant stomata. Thus, the overall yield will be
low. For the given field condition, 38% of water stress was estimated during the stomatal
closure and 14% at early senescence. It should be noted that we have neither used any
sensors nor conducted any field experiments for the concerned crops for which water stress
was calculated. The water stress coefficient was determined by using Equation (8), which is
evaluated in CROPWAT 8.0 software. Moreover, we have used AQUACROP 6.1 software to
calculate the yield of crops, and by default, this software would determine the water stress
for different stages of crop development like canopy expansion, stomatal closure, early
senescence, etc. [20]. We have not directly measured this parameter. Basically, the water
stress coefficient during early senescence (Ks,sen) is responsible for the reduction of green
canopy cover, whereas the same for stomatal closure (Ks,sto) plays a major role in reducing
crop transpiration and root zone expansion. The target model parameters for calculating
Ks,sen and Ks,sto, are green canopy cover (CC), crop transpiration coefficient (KTR), harvest
index (HI), and depth of root zone (Zr).

Therefore, the transpiration process was affected, resulting in a lower yield for the
crop. The HI is required to be adjusted by a factor that takes into account inadequate
photosynthesis, pollination stress, and water stress [8]. For cotton, HI will be 2% higher
in the vegetative period and 20% higher during yield formation to take into account the
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above-mentioned stresses. A significant amount of biomass can actually be produced as
compared to potential biomass. AQUACROP 6.1 will give the value of biomass for each
crop depending on crop characteristics, soil condition, cultivation operation, and climatic
conditions. The biomass is calculated by using Equation (18) [8]:

B = WP∗·∑ Tr/ET0 (18)

where B is the biomass produced (tonne/ha), WP* is the normalised water productivity
for a reference CO2 concentration of 369.41 ppm (g/m2), Tr is the daily transpiration from
plant stomata (mm), and ET0 is the daily reference crop evapotranspiration (mm). The
normalised water productivity is the slope of the curve between B and ∑ Tr/ET0.

For sugarcane, the initial canopy cover is very high, resulting in a higher leaf area
index (LAI). The maximum canopy cover was developed at the crop development stage,
and the crop senescence occurred 266 days after the maximum canopy cover developed.
The growth of canopy cover for sugarcane is related to the crop growth period according to
Equation (19), as shown in Figure S8:

GCC = −0.0034·B2 + 1.4412·B − 18.672 (19)

where GCC and B are expressed in percentage and days, respectively.
The root zone expansion rate is very high for sugarcane, so the maximum crop height

can be achieved within the minimum possible time after transplantation. Sugarcane is a
C4-type crop. Hence, water productivity is also high. No water stress was seen during
canopy expansion, stomatal closure, and early senescence, resulting in high crop production;
thus, actual biomass production tends to be the same as the potential biomass. The root
zone development for sugarcane shows a linear relationship with the growing period
according to Equation (20), as shown in Figure S9:

Zr = 0.0453·B + 0.2798 (20)

For maize, initial canopy cover is very high, and plant density is also very high, result-
ing in a higher LAI. The maximum canopy cover occurred at the end of the development
stage. The duration of flowering was only 13 days, so the production of dry yield declined.
The root zone development for maize shows a linear relationship with the growing period
according to Equation (21) as shown in Figure S10:

Zr = 0.0155·B + 0.3473 (21)

The water productivity for maize was high and within the range of 30–35 gm/m2. The
water stress was small at stomatal closure; hence, the transpiration process was not affected
at the crop development stage; the water stress was comparatively high during canopy
expansion. An adjusting factor of 1.01 was applied to the reference harvest index (HIo). No
adjustment was required during the vegetative period, but only an adjustment of 1% of
HIo was needed during yield formation to calculate adjusted HI. Here, the adjustment is
positive. In a similar way, relationships between growth of canopy cover (GCC) versus
growing days and root development versus growing period length were achieved for the
other crops (e.g., sorghum and sunflower).

The above Equations (16)–(21) were achieved based on the simulated output obtained
from AQUACROP 6.1.

3.4. Soil Surface Characteristics

Tables 5–7 show different soil surface characteristics for black clay, medium (loam),
and red loamy soil, respectively, as derived from CROPWAT 8.0.

Black clay soil and medium (loam) soil exhibited the highest values of TAW and the
maximum rain infiltration rate. Black clay soil had an initial moisture depletion level of
50% as a percentage of TAW. Hence, cotton and sugarcane faced significant water stress
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problems, which could be overcome by frequent irrigation to increase the moisture content
up to FC. However, medium and red loamy soil initially had no moisture depletion. So, the
entire available water could be utilised by other crops.

Table 5. Soil surface characteristics of black clay soil.

Parameter Unit Value

TAW (FC-PWP) [mm/m] 200
Maximum rain infiltration rate [mm/day] 30
Maximum rooting depth [m] 0.9
Initial soil moisture depletion (% of TAW) [%] 50
Initial available soil moisture [mm/m] 100

Table 6. Soil surface characteristics of medium (loam) soil.

Parameter Unit Value

TAW (FC-PWP) [mm/m] 290
Maximum rain infiltration rate [mm/day] 40
Maximum rooting depth [m] 0.9
Initial soil moisture depletion (% of TAW) [%] 0
Initial available soil moisture [mm/m] 290

Table 7. Soil surface characteristics of red loamy soil.

Parameter Unit Value

TAW (FC-PWP) [mm/m] 180
Maximum rain infiltration rate [mm/day] 30
Maximum rooting depth [m] 0.9
Initial soil moisture depletion (% of TAW) [%] 0
Initial available soil moisture [mm/m] 180

AQUACROP 6.1 deals with (and determines) more parameters than CROPWAT 8.0,
which could be more convenient for further research. Tables 8–10 show the different soil
surface characteristics for the above-mentioned soils from AQUACROP 6.1.

Table 8. Soil surface characteristics of black clay soil.

Parameter Unit Value

Thickness [m] 1.50
TAW (FC-PWP) [mm/m] 150
Soil Water (retention in fine soil fraction) in volume
FC [%] 54
PWP [%] 39
SAT [%] 55
Hydraulic Conductivity (Ksat) [mm/day] 35
Drainage characteristics (ζ) [-] 0.3
Curve No. (CN) [-] 77
Readily Evaporable Water (REW) [mm] 14

AQUACROP 6.1 underestimates TAW for black clay soil, whereas it overestimates the
same for medium and red loamy soil. Hence, it could be advantageous to adopt CROPWAT
8.0 for black clay soil and AQUACROP 6.1 for medium and red loamy soil in this regard.
The saturated hydraulic conductivity for black clay soil was almost equal to the maximum
infiltration rate. For black clay soil, FC almost met the saturation limit; hence, readily
evaporable water was very high, resulting in a higher ETC.

From Tables 9 and 10, a relationship can be observed between drainage characteristics
(ζ) and saturated hydraulic conductivity, expressed by Equations (22) and (23)—as shown
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in Figures 7 and 8—for medium and red loamy soil, respectively. The variation is basically
a power law with a high value of R2. The developed equations (i.e., Equations (22) and
(23)) from Figures 7 and 8, respectively, are based on the simulated soil characteristics for
medium and red loamy soil in AQUACROP 6.1, depending on the crop phenology.

ζ =0.111·Ksat
0.31 (22)

ζ = 0.0797·Ksat
0.37 (23)

where ζ expresses the fraction of drainable water day by day. For both equations, R2 = 0.99.
AQUACROP 6.1 also determines the Curve Number (CN) and the hydrological soil group
for black clay, medium (loam), and red loamy soils. They are D, A, and C, respectively. It
can be observed that for medium soil, the infiltration rate was higher as compared to the
other two soils, resulting in higher percolation losses. Hence, water availability at the field
could be lower, affecting the duty of the cultivated crops; thus, less area could be irrigated,
though significant water supply could be carried out.

Table 9. Further soil surface characteristics of medium (loam) soil.

Soil Characteristics Soil Layer Unit Value

Thickness

Sandy Loam [m] 0.5

Loam [m] 0.5

Silt Loam [m] 2.0

Total Available Water (TAW)

Sandy Loam [mm] 120

Loam [mm] 160

Silt Loam [mm] 200

Field Capacity (FC)

Sandy Loam [mm] 22

Loam [mm] 31

Silt Loam [mm] 33

Permanent Wilting Point (PWP)

Sandy Loam [mm] 10

Loam [mm] 15

Silt Loam [mm] 13

Saturation Limit (SAT)

Sandy Loam [mm] 41

Loam [mm] 46

Silt Loam [mm] 46

Hydraulic Conductivity (Ksat)

Sandy Loam [mm/day] 1200

Loam [mm/day] 500

Silt Loam [mm/day] 575

Drainage Characteristics (ζ)

Sandy Loam [-] 1

Loam [-] 0.76

Silt Loam [-] 0.80

Curve No. (CN)

Sandy Loam [-]

46Loam [-]

Silt Loam [-]

Readily Evaporable Water (REW)

Sandy Loam [mm]

7Loam [mm]

Silt Loam [mm]
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Table 10. Further soil surface characteristics of red loamy soil.

Soil Characteristics Soil Layer Unit Value

Thickness

Clay Loam [m] 0.2

Sandy Clay Loam [m] 0.25

Silty Clay [m] 1.50

Total Available Water (TAW)

Clay Loam [mm] 160

Sandy Clay Loam [mm] 120

Silty Clay [mm] 180

Field Capacity (FC)

Clay Loam [mm] 39

Sandy Clay Loam [mm] 32

Silty Clay [mm] 50

Permanent Wilting Point (PWP)

Clay Loam [mm] 23

Sandy Clay Loam [mm] 20

Silty Clay [mm] 32

Saturation Limit (SAT)

Clay Loam [mm] 50

Sandy Clay Loam [mm] 47

Silty Clay [mm] 54

Hydraulic Conductivity (Ksat)

Clay Loam [mm/day] 125

Sandy Clay Loam [mm/day] 225

Silty Clay [mm/day] 100

Drainage Characteristics (ζ)

Clay Loam [-] 0.47

Sandy Clay Loam [-] 0.58

Silty Clay [-] 0.43

Curve No. (CN)

Clay Loam [-]

72Sandy Clay Loam [-]

Silty Clay [-]

Readily Evaporable Water (REW)

Clay Loam [mm]

11Sandy Clay Loam [mm]

Silty Clay [mm]
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3.5. Furrow Irrigation Design Parameters

Table 11 shows different furrow irrigation design parameters (e.g., application effi-
ciency, storage efficiency, cut-off time, advance time, recession time, furrow length, surface
runoff ratio, and deep percolation ratio) by taking into account different input parameters
(e.g., flow rate, furrow cross-section) for cotton. The FURDEV model calculates the values
of uniformity coefficient (UC), distribution uniformity (DU), deep percolation ratio, and
surface runoff ratio for furrow irrigation based on input parameters like flow rate, furrow
cross sections, and soil infiltration characteristics for the crop under consideration. These
above-mentioned parameters have been determined by using Equations (24)–(27) [19,24].

Uniformity Coefficient UC = 1−∑
(∣∣Di − Davg

∣∣
n·Davg

)
(24)

Distribution Uniformity DU =
Dmin
Davg

(25)

Deep Percolation Ratio DPR =
Ddp

Da
(26)

Surface Runoff Ratio SRR =
Dsr

Da
(27)

where Di is the depth of water in the furrow for ith emitter (mm); Davg is the average
infiltrated depth (mm); n is the number of emitters along the length of the furrow; Dmin is
the minimum infiltrated depth (mm); Ddp is the deep percolation depth (mm); and Dsr is the
surface runoff depth (mm), which is the difference between the actual infiltrated depth (Da)
and the average infiltrated depth (mm) (i.e., Dsr = Da − Davg). Tables S13–S15 show the
same for maize, sorghum, and sunflower.

The programme FURDEV clearly shows the impact of different furrow irrigation
design parameters on the yield of crops as well as the proper management of irrigation
water with the help of AQUACROP 6.1. Among all the three forms of operation modes,
the cutback flow method and tailwater reuse method were found to be more convenient
because the application efficiency and storage efficiency were relatively higher as compared
to the fixed flow method for the same flow rate, soil infiltration characteristics, and furrow
cross sections [19]. However, the under-irrigation depth and over-irrigation depth were
almost the same in these three modes.

From Table 11, it was observed that cotton has a less advanced ratio, requiring more
uniformity in irrigation. A significant amount of water can be utilised from the tail end of
the field as the recovery ratio is relatively high, which ensures an economical and controlled
use of water. Cotton has a very short depletion phase and a long ponding phase, indicating
that the rate of decrease in surface water storage was low and the availability of irrigation
water in the field was high for a long period of time. Due to the long ponding phase, the
depth of water in the field increased, resulting in a lower moisture deficit. Cutback flow
mode was more convenient for cotton as surface runoff depth was low. More water can be
used to increase the water content in the soil moisture zone. Application efficiency increases
by 16.14% and 13.3% for cutback flow and tailwater reuse methods compared to fixed flow
methods, respectively. Whereas distribution uniformity and uniformity coefficient were
independent of furrow length and flow rate for cotton. Over irrigation depth was slightly
higher as compared to under irrigation depth for cotton, maize, and sunflower, except for
sorghum. Additionally, it was higher when the fixed flow method was used. Therefore,
the other two modes of operation could be beneficial for obtaining the maximum possible
efficiency. More controlled water application may be possible for maize with the lowest
cutback ratio. However, for maize, surface runoff depths were comparatively higher, and
they were higher for the tailwater reuse method for all the crops. Whereas the cutback flow
method simulates a very small amount of surface runoff for all the crops with the same
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input parameters. A reverse curve was obtained between the relationship between flow
rate and application efficiency for the crops for cutback flow and tailwater reuse methods.

Table 11. Furrow irrigation design parameters for cotton.

Furrow Irrigation Design Parameters

Infiltration Method: Modified SCS Families
Operation Mode Fixed Flow Cutback Flow Tailwater Reuse
Input parameters Units
Flow rate [L/s] 0.64 0.64 0.64
Length [m] 300 300 300
Cutoff time [min] 1920 1920 1920
Cutback ratio [-] 0.82
Recovery ratio [-] 0.7
Required depth [mm] 200 200 200
Flow resistance [s/m1/3] 0.03 0.03 0.03
Slope [m/m] 0.02 0.02 0.02
Spacing [m] 0.75 0.75 0.75
Maximum velocity [m/min] 12.6 12.6 12.6
Side slope [m/m] 1.5 1.5 1.5
Bed width [m] 0.2 0.2 0.2
SCS 0.6 0.6 0.6
Output parameters Units
Cutback flow [L/s] 0.52
Advance ratio [-] 0.23
Application efficiency [%] 80.5 93.5 91.2
Storage efficiency [%] 98.9 98.9 98.9
Uniformity coefficient [%] 95.3 95.3 95.3
Distribution uniformity [%] 86.4 86.3 86.4
Deep percolation ratio [%] 4.2 4.9 4.3
Runoff ratio [%] 15.2 1.6 15.2
Average applied depth [mm] 208 208 208
Minimum infiltrated depth [mm] 180 180 180
Maximum infiltrated depth [mm] 218 218 218
Surface runoff [mm] 37 3 37
Over-irrigation depth [mm] 14 14 14
Under-irrigation depth [mm] 9 9 9
Over-irrigation length [m] 225 225 225
Under-irrigation length [m] 75 75 75
Advance time [min] 438 438 438
Depletion time [min] 1924 1923 1924
Recession time [min] 1951 1949 1951
Opportunity time [min] 1513 1511 1513
No. of furrows 1 1 1

From Tables 11 and S9–S12, one can observe: (i) spacing of furrows, gradient, sur-
face roughness, and furrow cross sections had no influence on the furrow length, flow
rate, cutoff time, application efficiency, storage efficiency, and many other design param-
eters; rather, they depended upon crop type; (ii) a larger furrow length would result in
a larger distribution uniformity and uniformity coefficient. Hence, more uniformity in
irrigation could be obtained. In this regard, sunflower had the minimum Distribution
Uniformity (DU) and Uniformity Coefficient (UC) and maize had the maximum UC and DU;
and (iii) surface runoff ratio increased with increasing furrow length except for sunflower.
A lower flow rate will give a higher deep percolation ratio for all the crops as the ap-
plied water depth on the field will be less, resulting in the development of significant
lengths of under irrigation, which clearly signifies the occurrence of water stress and lower
application efficiency.

Application efficiency increases with increasing the furrow length for sunflower, cotton,
and sorghum, but storage efficiency is almost independent of furrow length. Lower furrow
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length gives lower application efficiency, resulting in a more non-uniform water application.
Additionally, improper water distribution does not satisfy the crop’s water demand. The
distribution uniformity (DU) and uniformity coefficient (UC) are independent from the
flow rate, furrow length, and operation mode for all the crops. The average infiltration
opportunity time for cotton, maize, sunflower, and sorghum is calculated as 1513 min,
1093 min, 794 min, and 1027 min, respectively. So, more non-uniformity in irrigation
operations has been seen for cotton, which has a large opportunity time.

Additionally, by using the results of FURDEV, the advance curve and the irrigation
profile were prepared. Figures 9–11 show the advance curve and the irrigation profile
for the cotton for three different modes of operation. In a similar way, the same profiles
were obtained for the remaining crops and shown in Figures S11–S19 under the same
modes of operation. The advance curve shows the variation of different hydraulic phases
of furrow irrigation with furrow length and gives the value of infiltration opportunity
time, which is the difference between advance time and recession time. It will signify
uniformity in irrigation operations, whereas the irrigation profile shows different water
depths in the field along the furrow length, which further indicates whether there is any
possibility of waterlogging due to over-irrigation, surface runoff loss, or the occurrence of
water stress [19].
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From the advance curve, it can be observed that cotton has the highest opportunity
time while sunflower has the lowest one. Maize and sorghum have almost the same
opportunity time, indicating that more uniformity in the irrigation operation will ensure
more infiltration depth through the soil. From the advance curve, it can be observed that
the advance time gradually increases with increasing the furrow length for all the crops
under all the modes of operation. In the case of cotton, a relationship (with R2 = 0.997) can
be established between the advance time and the furrow length as follows (Figure 12). The
relationship was established based on the simulated output obtained from FURDEV and
the curve of best fit.

Ta = −4·10−5L3 + 0.0249L2 − 2.6964L + 84 (28)

where Ta is the advance time (min) and L is the length of the furrow (m).
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Analogously, the advance curve for sorghum (Figure S20) can be expressed by
Equation (29). This relationship was established based on the simulated output obtained
from FURDEV and the curve of best fit:

Ta = 0.0012L2 − 0.0789L − 5 (29)

Similar relationships can be obtained for the remaining crops. More advance time
will ensure that the water takes a long time to reach the downstream end of the field
until the inflow has been started; therefore, more infiltration loss and deep percolation
loss will occur. Subsequently, the application’s efficiency will decrease. Whereas the
furrow length has no influence on the recession curve, 83.4% of the total furrow length will
consume maximum over-irrigation length for maize and 58.42% of the total furrow length
will consume minimum over-irrigation length for sorghum. This clearly indicates that a
significant portion of over-irrigation length would occur, resulting in deeper percolation
loss and surface runoff loss for the crops.
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Figure 13 shows that a polynomial relationship can be obtained between the under-
irrigation depth and the furrow length for cotton (Equation (30)). The relationship was
established based on the simulated output obtained from FURDEV and the curve of best fit
(with R2 = 0.993):

Du = 2·10−6L3 − 0.0004L2+ 0.015L + 0.0537 (30)

where Du = under-irrigation depth (mm) and L = length of the furrow (m). Similar relation-
ships were achieved for the other crops.
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Figure 13. Variation of the under–irrigation depth with furrow length for cotton.

Figure 14 shows the crop productivity depending on the irrigation water for cotton.
Similarly, Figures S21 and S22 show the same for maize and sunflower, respectively.
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Figure 14. Crop productivity–irrigation water relationship for cotton.

The crop productivity-irrigation water relationship (Figure 14, Figures S21 and S22)
for cotton, maize, and sunflower can be established from the output obtained
from AQUACROP 6.1.

Initially, for cotton, the water productivity (WP) was small, and it increased with de-
creasing water application. Similarly, the dry yield for cotton decreased from 2.6 tonne/ha
to 1.68 tonne/ha at a decreasing water depth from 1000 mm to 200 mm. It was noted
that there was a significant reduction in the irrigation water requirement of 80%, with a
reduction in the ET water productivity of 10.6%.

Similarly, for maize, the optimum depth of water application was 275 mm and the
maximum WP was 2.4 kg/m3; dry yield linearly increased with increasing the irrigation
water. The highest yield was obtained at a water depth of 770 mm. Figure S21 shows a
reduction in the irrigation water requirement of 85.7% with a reduction in the ET water
productivity of 7.76%. Similarly, Figure S22 shows a reduction in the irrigation water
requirement of 50% with a reduction in the ET water productivity of 1.45% for sunflower.
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These results clearly highlight the need for controlled water management for irrigation to
optimize the beneficial use of water.

4. Discussion

From the literature review, it can be concluded that previously there was no work
to estimate irrigation water demand, different conservative and non-conservative crop
parameters, and furrow irrigation design parameters for Kurnool district, Andhra Pradesh.
Proper assessment of water consumption, irrigation application, and irrigation timing for
cotton, sugarcane, sorghum, sunflower, and sugarcane is important for Kurnool district
as suitable soil and environmental conditions are available to cultivate these crops. To
enhance the productivity of these crops in an economical manner, proper knowledge of local
climatic conditions, field management conditions, irrigation methods, and the utilisation
of available water resources in a controlled manner is very important for planning and
designing efficient irrigation systems.

In this present study, the dependency of evapotranspiration on climatic and meteo-
rological factors and the variation of Kc with different growth stages of these crops are
examined. Later, the irrigation water needed for these crops was calculated, and the contri-
bution of effective rainfall was also studied. The irrigation schedule for most of the crops
was observed by adopting irrigation at critical depletion and refilling soil at field capacity
so as to reduce the yield response factor and get optimum water productivity. To enhance
the productivity of these crops, a comprehensive study was carried out to observe different
crop characteristics and their temporal variation with crop growing periods. Soil surface
characteristics play a major role in estimating water use efficiency for furrow irrigation
systems. Infiltration opportunity time, cutback ratio, advance ratio, tailwater reuse ratio,
and surface runoff ratio were estimated by using three different modes of irrigation. These
are some important parameters of furrow irrigation that indicate a higher efficiency of
water use with a high application efficiency and uniformity coefficient.

5. Conclusions

The evaluation of the crop water requirement (CWR) and irrigation scheduling for
cotton, sugarcane, sorghum, maize, and sunflower was investigated in this study. Different
important crop characteristics, soil characteristics, and surface irrigation parameters were
simulated using different approaches. A strong connection between these parameters
was also discussed comprehensively. FAO CROPWAT 8.0 is a very important platform
for the proper assessment of evapotranspiration, crop water requirements, and irrigation
scheduling. Furthermore, the AQUACROP 6.1 and FURDEV models are useful for the
accurate study of crop characteristics and furrow irrigation design parameters, respectively.

Reference crop evapotranspiration was higher in the dry summer season, and effective
rainfall provided a small contribution, mainly for sorghum and sunflower. Crop water
requirements follow a descending order, as follows: CWR sugarcane > CWR sunflower >
CWR cotton > CWR maize > CWR sorghum.

The gross irrigation requirement for all the crops has been obtained by adopting an
application efficiency of 70%. NIR was determined as 200 mm, 1423.2 mm, 220 mm, 150 mm,
and 150 mm for cotton, sugarcane, maize, sorghum, and sunflower, respectively. CROPWAT
8.0 also shows variation of crop height with TAW, and AQUACROP 6.1 establishes a
relationship between different crop phenology and their growing length. The maximum
dry yield obtained for maize was 13.586 tonne/ha. Additionally, different soil surface
characteristics were obtained and compared by CROPWAT 8.0 and AQUACROP 6.1 for
checking model performance. The FURDEV model estimated economical furrow length,
and it increases with an increase in the flow rate for all the crops except sunflower. Along
with that, different furrow irrigation design parameters were evaluated and their effect on
irrigation operations properly studied.

By using crop water requirements and irrigation scheduling for different crops, irriga-
tion schemes and cropping patterns can be studied in the future. The proposed approach
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can be used to determine different types of water consumption in a particular month or
day, which can be further processed to estimate the area to be cultivated for these crops.

Along with that, the impact of different field management methods for irrigation can
be obtained on biomass production, soil fertility, and weed management so that an engineer
may design proper irrigation systems and methods to use available water resources with
high accuracy and the desired quality.
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Furrow irrigation design parameters for sorghum; Table S15: Furrow irrigation design parameters
for sunflower.
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