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Abstract
A simulation study based on water balance approach and field experimentation with rice-wheat cropping system was carried out
by employing daily rainfall and evaporation (2002–2016) and edaphic data of Experimental Farm of the university, Pusa
(25.98°N, 85.67°E, 52 m amsl), Bihar, situated under middle Indo-Gangetic Plains. The aims of the study were to optimize
transplanting dates and assess irrigation requirement and water productivity of rice with a view to achieve climate smart rice-
wheat production system. The suitability of advancing wheat planting under this cropping systemwas also evaluated for escaping
terminal heat stress during reproductive to maturity period. Under rice-wheat system, late transplanting of rice during kharif
season (monsoon season, synonymously also called as wet season) and, consequently, late planting of wheat during rabi (winter)
season tend to reduce grain yield significantly under a set of adverse environmental conditions during flowering to maturity
phases of both the crops. The study revealed that rice crop of 150-day duration (seed to seed) could be successfully transplanted
early in the kharif season during 20–30 June and be harvested by 25 October–5 November with the use of average 404–425-mm
irrigation water to achieve potential yield and higher water productivity (1.648–1.731 kgm−3 ha−1). Early rice harvesting ensured
early completion of wheat planting before 15 November, which helped in escaping terminal high-temperature stress during the
reproductive phase. Hence, higher system productivity can be achieved by shifting the planting dates of rice and wheat through
optimum utilization of natural resource environment (moisture and thermal regimes) and offsetting the negative impacts of erratic
monsoon rains on rice growth and terminal heat stress and hailstorm on subsequent wheat crop.

1 Introduction

The rice-wheat cropping system (RWCS) is a very important
food production system around the globe, which accounts for
securing the food security to more than 20% of the world’s
population (Memon et al. 2018). It is a vital life-supporting
cropping system in India. Rice and wheat form the backbone
of food security, accounting for approximately 58% and 77%
of the total area and food grain production in the country,
respectively (Panwar et al. 2019; Singh 2011). They together
share more than 90% of total cereal consumption in India

(Panwar et al. 2019). RWCS occupies an area of about 10.5
million hectares spread over Indo-Gangetic Plains spanning
from Punjab in the north-west to West Bengal in the east
(Bhatt et al. 2015). The sustainability of RWCS has become
a major concern with yield stagnation (Bhatt et al. 2015), soil
health deterioration (Mondal et al. 2020), declining under-
ground water table (Sidhu et al. 2019), climate change and
environmental issues. With changing climate, rice of this
cropping system has become vulnerable to erratic monsoon
rainfall during its growing (kharif) season, while occurrence
of high-temperature stress during reproductive phase of wheat
is a major constraint. Under such situation, sustainability and
productivity enhancement of RWCS is a prime concern to
feed the rapidly increasing population of India (Panwar et al.
2019; UNEP 2008).

Rice in RWCS is mainly cultivated under transplanted con-
dition in middle Gangetic plains during monsoon season
(June–September) with occasional supplemental irrigation
during dry spell. Hand transplanting of rice seedlings after
puddling and subsequent flooding is the traditional method
of rice cultivation in the Indo-Gangetic Plains (Mohammad
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et al. 2018). A shallow depth of water (3–5 cm) is maintained
throughout the growing period up to physiological maturity.
With changing climate, monsoon rainfall which is the major
source of water for growing kharif rice has become uncertain
in recent years and has started posing serious challenges for
the rice growers. Thus, climate change and declining water
resources are threatening the sustainability of rice production
and food security (Ishfaq et al. 2020). In such climatic scenar-
io, the sustainability of profitable rice cultivation in the Indo-
Gangetic Plains has been a central focus of attention of the
researchers and extension workers. In the middle Gangetic
plains, transplanting of rice starts usually with the receipt of
monsoon rainfall, i.e. from 15 to 20 June (normal time for
onset of monsoon) and continues until the end of August.
However, with delayed transplanting, the yield of rice tends
to decrease significantly, and it also delays the planting sched-
ule of subsequent wheat crop, because of late harvesting of
rice. Rice cultivars which mature in 130–150 days and are
transplanted during the period from mid-June to first fortnight
of July tend to give better yields as compared to crop
transplanted on later dates. The yield response of rice to dif-
ferent transplanting dates gets varied with weather conditions
at different growth stages as well as occurrence of insect-pest
infestation. The shift of transplanting dates also results in a
saving of water. Crop water productivity (real and apparent
grain yield per unit of water consumed by crop as evapotrans-
piration and irrigation water applied, respectively) is more in
rice transplanted under lower (end of June) than higher evap-
orative demand (May end) (Chahal et al. 2007). Studies
showed that apparent water productivity of rice can be in-
creased by shifting transplanting dates (Jalota et al.
2009).The evapotranspiration in irrigated rice varies from
400 to 800 mm seasonally (Zwart and Bastiaanssen 2004).
Although water productivity of rice in terms of evapotranspi-
ration is similar to that of comparable cereals such as wheat,
rice requires more water at the field level than other grain
crops because of high seepage and percolation losses from
the field (Bouman 2009).

In Bihar like all of middle Gangetic plains, major constraint
in getting potential yield of rice is late transplanting (Sattar
et al. 2017a) due to delay in obtaining ponded condition to
facilitate puddling. The reasons for low yields are due to de-
lays in transplanting for farming operations of sowing/
transplanting, weeding, irrigation and water management
(Saito and Futakuchi 2009). The first condition for obtaining
higher productivity is that transplanting should be completed
by optimum time, i.e. by 15 July. If medium to long-duration
rice of 130–150 days is transplanted in the month of June, it
ensures that it could be harvested by the end of October, giv-
ing ample time for field preparation and sowing of next wheat
crop, which is the main winter crop extensively grown in
Indo-Gangetic Plains. Another option is to grow short-
duration rice (100–110 days). However, the cultivation of

short-duration rice limits the potential productivity below 5 t
per hectare. Hence, efforts have been made to prepone the
planting of long-duration rice (135–150 days) by utilizing
available rain water and supplemental irrigation with various
climate smart interventions, viz. 3 hp. single-phase motor
pump, tractor-mounted solar pump and solar-operated pump.
Irrigation cost is a major contributor to rice production cost,
because the cost of pumping water is very high leading to
higher operating cost. In middle Gangetic plains, electricity
and diesel pumping sets are commonly used for irrigation in
rice fields. The cost tends to escalate during the period of
frequent dry spell under erratic and bad monsoon rainfall re-
gime. Moreover, farmers of the region mostly rely on tradi-
tional knowledge and experiences to irrigate their crops,
which lead to application of excess irrigation water to their
crops without any consideration of crop, climate and soil.
Under the emerging scenario of erratic monsoon and short-
ages of water, it is imperative that efficient approaches for
higher water use in rice are prioritized (Sidhu et al. 2019;
Yadvinder et al. 2014).

After the harvest of rice, the sowing of wheat is done by the
farmers under both normal (20 November to 5 December) and
late conditions (5–31 December). About 80% of wheat sow-
ing is achieved during the period from 20 November to 5
December. Of late, the vulnerability of growing wheat in this
region has increased owing to problem of higher temperatures
(terminal heat stress) occurring during late (end of February to
March) in the growing season (Sattar et al. 2014). According
to Joshi et al. (2007), 13.5 million hectares of wheat area in
India experiences heat stress. The role of heat stress in limiting
the productivity of wheat in India was first highlighted by
Howard (1924) in his statement “Wheat growing in India is
a gamble in temperature” (Vijaya Kumar et al. 2015). The
terminal heat stress associated with dry westerly wind during
reproductive phase of wheat creates serious constraint for
growth, resulting in non-setting of grains, which creates panic
among the farmers and the policy makers alike. It is a serious
climatic constraint for successful wheat cultivation in India,
particularly when it occurs during grain filling stage (Sandhu
et al. 2016). Pre-anthesis and post-anthesis occurrence of high
temperatures and heat tend to make significant impact upon
growth and photosynthetic efficiency of wheat crop (Wang
et al. 2011). Temperature decides the sowing time of wheat
and, consequently, the duration of different phenophases,
which ultimately affect crop productivity. Thus, planting of
crop after appropriate time tends to reduce grain yield due to
terminal heat stress occurring during its reproductive period
(Sattar et al. 2020). Higher seasonal temperature during
flowering and grain filling periods threaten wheat growth
and production (Liu et al. 2020; Rashid et al. 2018). The idea
behind early planting of wheat is that the crop can be protected
from terminal heat stress as well as hailstorm during flowering
to maturity stage of the crop.
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Therefore, adoptions of climate smart production technol-
ogies for RWCS are essential in the wake of changing climate.
In view of this, an attempt has been made in this paper (i) to
optimize transplanting dates and assess irrigation requirement
and water productivity of rice and also (ii) to evaluate the
suitability of advancing wheat planting under this cropping
system for achieving sustainable and profitable rice-wheat
production system in the middle Gangetic plains of India.

2 Materials and methods

2.1 Location and climate of the area

Pusa, Bihar, is located in the middle Gangetic plains of India.
The location map of the study area is given in Fig. 1. The
region has sub-humid subtropical monsoon climate. About
85% of annual rainfall occurs during monsoon season, synon-
ymously also called as kharif season considering different
crop growing seasons. The region experiences four seasons,
viz. summer (March–May), monsoon (June–September), post
monsoon (October–November) and winter (December–
February). The average annual rainfall of the area is about

1230 mm. The month-wise rainfall distribution pattern is giv-
en in Fig. 2. The rainfall distribution during kharif rice grow-
ing season at Pusa presented in Figs. 3 and 4 shows that out of
15 years during the simulation period, 11 years experienced
drought of varying intensities. May is the warmest summer
month of the year with a daily maximum temperature of 37–
41 °C, while coldest winter month is January with daily min-
imum temperature of 5–8 °C. Although December, January
and February are main winter months, temperature decreases
significantly from November. Average temperature falls ap-
preciably from 26.9 in October to 21.9 °C in November.

2.2 Soils and cropping system

Soils of the area are mainly young alluvium, calcareous and
predominantly sandy loam to loam in texture. Soils are deep
having calcium carbonate more than 10%. The water holding
capacity varies from moderate to high. It has moderate drain-
age behaviour. There is a wide variation in nitrogen and avail-
able potassium status of these soils. Soil pH varies from 6.5 to
8.4. Rice-wheat is the major cropping system of the area and
comprises about 60% of all crops and cropping sequences
followed in the region.

Pusa
(25.98°N,85.67°E;52m)

Fig. 1 Location of the study area (Pusa, Bihar, Middle Gangetic Plains)
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2.3 Formulation and methodologies of simulation

The simulation study related to estimation of irrigation re-
quirement of transplanted kharif rice was conducted for loamy
soils of the research farm of Dr. Rajendra Prasad Central
Agricultural University, Pusa (25.98°N, 85.67°E, 52 m amsl).
In this simulation study, rice (varieties Prabhat, Saroj,
Rajendra Suhasini, Rajendra Bhagwati, Swarna) which ma-
tures in 110, 120, 130, 135 and 150 days, respectively (seed to
seed), has been selected with five transplanting dates starting
from 10 June to 10 August at an interval of 10 to 20 days
(Table 1). The dates of physiological maturity have been con-
sidered 15 days before the date of harvesting. The simulation
study has been conducted for the entire growing period of rice
transplanted on five different dates, viz. 10 June, 20 June, 30
June, 20 July and 10 August. Total duration of rice has been
calculated from 25 days before date of transplanting to date of
harvesting as rice seedlings of 25 days old are generally con-
sidered suitable for transplanting. The region gets pre-
monsoon showers in May. The normal rainfall of the region
for the month of May is about 110 mm. The value of perma-
nent wilting point, field capacity and saturation has been taken

as 16, 35 and 50%, respectively, on v/v basis based on actual
field observation of paddy soils on research farm. A root zone
depth of 75 cm has been considered.

The model has been divided into three phases. First phase
of the model deals with pre-transplanting period by factoring
soil moisture content 1 day before date of transplanting.
Second phase covers the first week after transplanting and
irrigation requirement for initial ponding of 5 cm for proper
establishment of seedlings. Third phase of the model estimates
the irrigation requirement to maintain soil moisture above
field capacity for the growing period up to physiological ma-
turity. The simulation starts from the date of puddling for
transplanting and continues up to the physiological maturity.
In the model simulation, no irrigation was considered during
the period from physiological maturity to harvest maturity as
this period requires drainage.

The calculation of irrigation requirement for puddling op-
eration for transplanting, for the period 1 week after
transplanting and for the period from 1 week of transplanting
to physiological maturity, has been done in MS Excel based
on the water balance model of Srivastava (2001). In every
occasion, 70-mm irrigation was applied when soil moisture

Fig. 2 Distribution pattern of
normal monthly rainfall (mm) at
Pusa, Bihar (India)

Fig. 3 Variability in annual
rainfall (mm) during the simula-
tion period (2002–2016) at Pusa,
Bihar (India)
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dropped below field capacity. Soil moisture content 1 day
before puddling was determined to decide the amount of irri-
gation required for puddling operation based on equivalent
water depth at saturation, accumulated rainfall 5–7 days be-
fore transplanting, field capacity, rate of evaporation, perma-
nent wilting point and available water holding capacity. If
accumulated rainfall during 5–7 days before puddling exceeds
available water holding capacity, soil moisture status on the
day of puddling reaches saturation. Hence, no irrigation is
required for puddling operation. Crop coefficient, seepage
and percolation were taken into account in the model.

2.4 Model for pre-transplanting period

The model for pre-transplanting period is given in Eq.1 and
Eq.2.

SMi ¼ SMi−1 þ Pi−Ei; Subject to SMi > 0 ð1Þ
where Pi and Ei are daily rainfall and evaporation. Initial value
of SM (equivalent depth of soil moisture) one day before
puddling was worked out.

2.4.1 Irrigation requirement for puddling

Ip ¼ 30:0þ SAT−SMP−1−PP−1 þ Eop−1 þ SPP−1 þ Eop þ SPp−Pp

� �
=η;

ð2Þ
where, Ip is irrigation requirement for puddling, SAT is
equivalent water depth at saturation (mm), SMP-1 is
equivalent depth of soil moisture one day before pud-
dling, PP-1 is precipitation one day before transplanting,
E0p is evaporation one day before puddling, SP is seepage
and percolation (mm), SPP-1 is seepage and percolation
(mm) one day before puddling and η is irrigation efficien-
cy = conveyance efficiency * application efficiency
(Srivastava 2001).

The ponding depth at the time of transplanting has been
assumed at 30 mm.

2.5 Water balance for 1 week after transplanting

The evaporation during the period has been assumed to be
equal to open pan evaporation as the crop factor (ETcrop/E0)

Fig. 4 Anomaly in annual rainfall
(mm) from the normal during the
simulation period (2002–2016) at
Pusa, Bihar (India)

Table 1 Transplanting schedules
employed in the simulation study S.N. Nursery

sowing
Dates of
transplanting

Physiological maturity
dates

Harvesting
dates

Duration*
(days)

1 15 May 10 Jun 30 Sep 15 Oct 150

2 25 May 20 Jun 10 Oct 25 Oct 150

3 5 Jun 30 Jun 20 Oct 5 Nov 150

4 5 Jun 30 Jun 5 Oct 20 Oct 135

5 5 Jun 30 Jun 30 Sep 15 Oct 130

6 25 Jun 20 Jul 10 Oct 25 Oct 120

7. 25 Jun 20 Jul 20 Oct 5 Nov 130

8 15 July 10 Aug 20 Oct 5 Nov 110

*Duration of rice has been calculated from 25 days before date of transplanting to date of harvesting (25 days is
the age of nursery seedlings)
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for initial stages of transplanted rice has been given a value of
1.0 (Michael 1978).

The calculation of irrigation requirement for this period is
given in Eq. 3.

Ip ¼ 50−Di−1 þ Eoi−1 þ SPi−1−Pi−1ð Þ=η ð3Þ

where Ip is irrigation requirement and Di-1 is the depth of
ponding on (i-1)th day; here 5-cm ponding depth has been
considered.

2.6 Water balance for subsequent period

The irrigation was applied to the cropwhen soil moisture went
below field capacity up to physiological maturity stage.
Irrigation was not applied between physiological maturity
and maturity during which drainage is necessary for harvest-
ing. The water balance equation (Eq. 4) will be:

Di¼Di−1−SPi−E0i Kc þ Pi ð4Þ
where Kc = ETCrop/E0, i.e. crop factor or pan coefficient = 1.0.
The phase will occur where the following condition (Eq. 5) is
satisfied.

Di−1 > SPi þ E0i KC−Pi ð5Þ
where Di is depth of ponding and SP = seepage and deep
percolation (mm day−1).

If the condition expressed by the equation is not satisfied,
the soil will go intomoist phase; in that case, the water balance
equation (Eq. 6) will be

SMi ¼ SMi−1 þ Pi−E0i KC−SPi ð6Þ

If the moisture is less than field capacity, irrigation will be
applied, and the irrigation (IR) required to bring the submer-
gence to the level of 5 cm is expressed by Eq. 7.

IR ¼ 50þ SAT−SMi−1−Pi þ EoiKcð Þ=η ð7Þ

The seepage and deep percolation (SP) was calculated as
given in Eq. 8.

SP ¼ 2:0786þ 0:0338D ð8Þ

SP: Seepage and deep percolation (mm day−1).
D: Depth of ponding (mm).

2.7 Water productivity

Apparent water productivity of rice was determined as the
grain yield per unit of irrigation water applied (Chahal et al.
2007). The potential yields of kharif rice under different dates
of transplanting have been used.

2.8 Field experiment for model validation

A field experiment on rice was conducted at the University
Research Farm, Pusa, during kharif season of 2017 and 2018
to test the performance of the model. Rice crop was
transplanted on four dates, viz. 5 June, 20 June, 10 July and
30 July, to measure the actual irrigation requirement during
the growing period. The experiment was laid out in random-
ized block design with three replications. Actual irrigation
requirements of the crop from transplanting to physiological
maturity were estimated using portable Parshall flume (throat
width 7.5 cm) for all dates of transplanting considering rain-
fall, evaporation and percolation during the growing period.

2.9 Field experiments on wheat

Field experiments on crop-weather relationship were conduct-
ed under the All India Coordinated Research Project on
Agrometeorology at the University research farm, Pusa
(25.98°N, 85.67°E, 52 m amsl), Bihar, during five wheat
growing seasons (2011–2012 to 2015–2016) to validate the
postulate that early planting of wheat would enable the
growers to escape terminal heat stress on wheat crop. For
wheat crop-weather relationship studies, dominant cultivars
were grown with five staggered dates of planting, viz. 15
November, 25 November, 5 December, 15 December and
25 December covering the entire period of expanded sowing
window, which is widely practised by the farmers of the re-
gion for planting of wheat. Different planting dates during a
year exposes the crop to different temperature regimes during
its growing season, allowing an understanding of crop re-
sponses to temperature without the artificial conditions im-
posed by controlled environments (Vijaya Kumar et al.
2015). Crop responses to temperature regime vary with vari-
ety and phenological stage of the crop (Shpiler and Blum
1986). The experiment was laid out in randomized complete
block design with three replications. The crop was raised fol-
lowing recommended package of practices for the area under
irrigated conditions by applying fertilizer (nitrogen-phospho-
rus-potassium at 120–60–40 kg ha−1) to ensure unlimited nu-
trient and water supply. All P and K and a half dose of N were
applied at sowing as basal dose. The remaining half dose of N
was top dressed in two equal splits at crown root initiation and
boot stages. The crop was kept weed free throughout the
growing season. No insect pest appeared on the crop, and no
pesticide was applied during the growing period.

The occurrence of phenological events like tillering,
flowering, milking, dough and maturity was recorded from
each plots, and average dates of these phases were calculated
and used for analysis. The daily weather data on maximum
temperature (Tmax) and minimum temperature (Tmin) for the
growing season were col lected from the nearby
Agrometeorological Observatory, Dr. Rajendra Prasad
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Central Agricultural University, Pusa. Optimum weather con-
ditions in terms of mean and ranges of Tmax and Tmin during
different crop growth phases were worked out based on daily
weather observations.

3 Results and discussion

3.1 Simulated irrigation requirements and water
productivity of kharif rice

Daily simulation of irrigation requirements (IR) for kharif
rice (main rice growing season during monsoon) with five
staggered dates of transplanting, viz. 10 June, 20 June, 30
June, 20 July and 10 August, were made, and the results
presented in Table 2 revealed that for a 150-day crop
transplanted on 10 June required 348.6 (± 124) mm water
for puddling, 84.1(± 41) mm during 1 week after
transplanting and 107.3 (± 115) mm for subsequent period
until physiological maturity (PM). The total IR for the
entire growing period from transplanting to PM was cal-
culated as 541 (± 163) mm. The same crop (150-day
duration) when transplanted on 30 June having PM falling
on 20 October needed 404.4 (± 204) mm irrigation during
the period from transplanting to maturity. The IR of 30
June transplanted crop (150-day duration) for the period
during 1 week after transplanting as well as for the whole
growing period was much lower compared to 10 June
transplanted crop. This may be due to higher evaporation
rate during the early growing period of 10 June
transplanted crop. On the other hand, a 135-day-long crop
transplanted on 30 June with PM on 5 October required
375.4 (± 185) mm irrigation during its entire growing pe-
riod. Among all the dates of transplanting in the month of
June, the lowest simulated IR of 367.1 (± 178) mm was

associated with the crop having 130 days duration
transplanted on 30 June and matured on 30 September.
Other than long-duration varieties of rice having the crop
duration of 150 days and transplanted during the month of
June, medium duration rice maturing in 130–135 days
required irrigation varying between 367.1 (± 178) mm
and 375 (± 185) mm. The IR of the crop transplanted on
10 August (late transplanting) was recorded to be the
highest (761.4 mm) followed by the crop transplanted
on 10 June and having PM coinciding on 30 September
(Table 2). The puddling water requirements were almost
comparable for the crops having DOT (dates of
transplanting)-DoPM (dates of physiological maturity) as
10 June–30 September and 10 August–20 October. It var-
ied between 348.6 (± 124) and 370 (± 28) mm. These
values were much higher than crops transplanted on other
dates. The variations in simulated IR for puddling, 1 week
after puddling, from puddling to DoPM of kharif rice
transplanted on different dates from 2002 to 2016 have
been presented in Fig. 5, which revealed that there was
greater inter-annual variability in simulated IR for the
crops having DOT-DoPM as 10 June–30 September and
30 June–30 September. Chaves and Oliveira (2004) re-
ported that moderate water deficits are directly linked to
a decrease in carbon fixation by the photosynthetic appa-
ratus, primarily due to stomatal closure, whereas Nguyen
et al. (2009) linked it to a decrease in leaf elongation. The
most important task is to match cultivar’s phenology with
rain water availability for achieving higher yield with
lesser input cost. This can be achieved by planting an
adapted cultivar at an appropriate time (Fukai et al.
1998). Planting of crops in appropriate times, according
to actual sowing window, is an important factor in crop
production (Ati et al. 2002; Hussein 1987; Latham et al.
2000; Sattar et al. 2019). Moreover, delayed planting in

Table 2 Irrigation requirement (mm) of kharif rice transplanted on different dates at Pusa, Bihar, based on model simulation (2002–2016)

S. N DOT-DOPM Rice duration (days) Irrigation requirement (IR), mm

For puddling Irrigation up to 1 week For subsequent period until DOPM Transplanting to DOPM

IR (mm) Stdev IR (mm) Stdev IR (mm) Stdev IR (mm) Stdev

1 10 Jun–30 Sep 150 348.6 124 84.1 41 107.3 115 541.0 163

2 20 Jun–10 Oct 150 298.0 167 51.0 42 75.0 77 424.7 222

3 30 Jun–30 Sep 130 288.4 144 32.0 37 46.7 57 367.1 178

4 30 Jun–5 Oct 135 288.4 144 32.0 37 54.9 71 375.4 185

5 30 Jun–20 Oct 150 288.4 144 32.0 37 84.0 84 404.4 204

6 20 Jul–10 Oct 120 265.0 138 34.0 39 79.3 74 378.3 150

7 20 Jul–20 Oct 130 256.0 138 35.1 40 93.3 86 393.4 153

8 10 Aug–20 Oct 110 370.0 28 64.7 40 326.7 105 761.4 136

DOT date of transplanting, DOPM date of physiological maturity, Stdev standard deviation
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an area shorten the length of crop growing period and
increases the chances of weed (Stoop et al. 1981;
Vaksmann et al. 1992) and pest infestations, leading to
significant reduction in crop productivity.

The apparent water productivity of rice transplanted on differ-
ent dates in the month of June irrespective of crop duration and
dates of transplanting ranged from 1.293 to 1.732 kg m−3 ha−1

(Table 3). Considering long-duration rice of 150 days, the appar-
ent water productivity was observed to be the highest, when the
cropwas transplanted on 30 June having PMdate on 20October.
Rice cropmaturing in 130–135 days recorded water productivity
of 1.362 to 1.598 kg m−3 ha−1, when transplanted on 30 June.
The water productivity of late transplanted crop of 110–130 days
duration ranged from 0.459 to 1.271 kg m−3 ha−1 with higher
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Fig. 5 Variations in simulated irrigation requirements of kharif rice
transplanted and having physiological maturity on different dates during
the period from 2002 to 2016. (a) 10 June–30 September, (b) 30 June–30
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value recorded for the crop transplanted on 20 July having PM
date on 20 October. The lowest water productivity was observed
for the crop transplanted on 10 August and maturing on 20
October due to lower potential productivity and comparatively
higher IR. Considering all durations of rice, the highest water
productivity of 1.732 kg m−3 ha−1 was recorded in case of 150-
day long-duration crop transplanted on 30 June having PM co-
inciding with 20 October. Apparent water productivity of rice
was significantly influenced by change in time of transplanting
(Brar et al. 2012). Tuong et al. (2005) reported average water
productivity of 0.41 kg grain m−3 water for rice with respect to
water input (irrigation plus rainfall). Under water saving regime,
an increase in water productivity to 0.8–1.0 kg grain m−3 has
been reported (Beldar et al. 2004; Kato et al. 2009). The range of
water productivity of rice was observed to be about 0.6–
1.6 kg m−3 (Zwart and Bastiaanssen 2004). The higher water
productivity of 30 June transplanted rice of 150-day duration in
comparison to 10 June transplanted one may be attributed to the
fact that enough rainwater was available to make the soil mois-
ture favourable during plant growth and development, which
reduced the necessity of applying higher amount of irrigation.
The water productivity decreased with decrease in crop duration
when transplanting was delayed beyond 30 June. If a farmer
intends to grow long-duration rice cultivar keeping in view the
potential yield and lesser irrigation requirement, he needs to raise
the crop transplanted on 30 June, which would mature by 20
October. This implied that if the crop is scientifically managed,
it will lead to twofold benefits, viz. higher yield, realized with
lesser amount of irrigation and higher water productivity. Based
on water use and water productivity, the study revealed that
farmers should opt for 150-day rice crop with sowing window
around 30 June and PM on 20 October, which ensured higher
grain yield. The 150-day crop transplanted on 30 June having
PM on 20 October although gives highest yield (7000 kg ha−1)
and highest water productivity (1.732 kgm3 ha−1) provides lesser
turn-around time of 5–7 days for land preparation and early
sowing of the next wheat crop. The same crop (150 days) when

transplanted on 20 June and harvested on 25 October (PM date
on 10 October) recorded water productivity of 1.648 kg m3 ha−1.
It gives higher turn-around time (10–15 days) to the farmers than
the crop transplanted on 30 June having PM on 20 October.
Thus, considering the criteria such as grain yield, water produc-
tivity and turn-around time for field preparation and planting of
next crop, i.e. wheat, farmers should transplant it by 20 June
having PM date on 10 October, allowing him to harvest the crop
by 25 October. This ensured ample time-space to finish wheat
sowing much early before 10–15 November. The more early the
wheat is sown before 15 November, the greater is the chance that
it will escape terminal heat stress.

Moreover, lesser yield of rice due to delayed transplanting be-
yond 20 July was attributed to higher percentage of chaffy grains
in the panicle (Anon 2016). The formation of chaffy grains coin-
cidedwith the setting of lower air temperature (Tmax < 32.5 °C and
Tmin < 23.0 °C) during 50% flowering and dough stage of rice
crop (Sattar et al. 2017a). Venkataraman and Krishnan (1992)
observed that lower temperature renders the opening of flowers
irregular and the filling of panicle inadequate. Maximum temper-
ature required for germination of pollens is 33–34 °C (Grist 1986).
Sattar et al. (2017a) observed decreasing grain yield of irrigated
rice with delayed transplanting due to temperature variation and
reduced sunshine duration.Daily bright sunshine hours (BSH) of 7
to 8 h during flowering phase led to enhanced grain yield; how-
ever, BSH of less than 7 h resulted in decline of grain yield. De
Datta (1981) observed that the yield of rice may decrease with
delayed transplanting due to low solar radiation, probably because
of the use of photosensitive variety. Reduced radiation affected the
crop yield in photosensitive and short-duration varieties at 3–
4 weeks before heading, when the mutual shading by the fully
developed leaves was maximum (Stansel 1967). The weather fac-
tors affecting rice yield may be temperature, affecting pollen ger-
mination and rainfall damaging or washing of pollens during
flowering to anthesis period.

About 60% of rice crop in the region is grown under
rainfed condition during kharif (monsoon) season (Sattar

Table 3 Potential productivity (Kg ha−1) and apparent water productivity (Kg m−3 ha−1) of different durations of kharif rice grown under different
sowing dates

Sl No DOT-DOPM Rice duration
(days)

IR for one
hectare (m3)

Potential yield
(Kg ha−1)

Apparent water productivity
(Kg m−3 ha−1)

1 10 Jun–30 Sep 150 5410 7000 1.293

2 20 Jun–10 Oct 150 4247 7000 1.648

3 30 Jun–30 Sep 130 3671 5000 1.362

4 30 Jun–5 Oct 135 3754 6000 1.598

5 30 Jun–20 Oct 150 4040 7000 1.732

6 20 Jul–10 Oct 120 3783 4000 1.057

7 20 Jul–20 Oct 130 3934 5000 1.271

8 10 Aug–20 Oct 110 7614 3500 0.459
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and Khan 2016). Nowadays, cultivation of rainfed rice in the
region is constrained with the regime of increased frequency
of dry spell during its growing season (Table 4). The occur-
rence of drought and frequent dry spell during growing season
of kharif rice is bound to affect yield of the crop (Sattar and
Khan 2016).While evaluating crop production potential under
rainfed condition in Bihar, India, Sattar and Khan (2016)
observed greater crop production potential with higher length
of growing period and availability of sufficient moisture for
the crop. Significant negative correlations of dry spell with
rainfall and soil moisture impacting productivity were also
observed. The data presented in Table 4 reveals that the month
of June has become wetter during the recent period (1997–
2016) compared to the period of 1977–1996. Taking advan-
tage of wetter June in the recent period, seedlings could be
prepared early in the season for advancing the date of rice
transplanting due to greater availability of wet condition facil-
itated by pre-monsoon showers. Once the crop is established,
even reduced rainfall activity as shown by increasingly drier
condition in July and August in recent times would allow the
crop to survive with the provision of supplemental irrigation.
This also supports our postulate that early transplanting of rice
during 20–30 June would help reduce the irrigation require-
ment of the crop, and thus it can save precious water, which is
increasingly becoming scarce under changed climatic
condition. Chahal et al. (2007) while working on rice in
Punjab, India, observed that with the shifting of transplanting
dates of rice from higher (mid-May) to lower (end of June
onwards) evaporative demand, there was an increase in grain
yield of rice, while there is a reduction in evapotranspiration
and irrigation water applied.

As adaptation options, climate smart water saving interven-
tions such as direct seeded rice, alternate wetting and drying
irrigation system in rice, lowwater requiring cultivars, shifting
planting time, aerobic rice system, system of rice intensifica-
tion, crop residue management, smart irrigation scheduling
and cropping system optimization are being advocated by
the researches, extension workers and policy makers for the
farmers to enhance resilience of the crop to climate change.
The results presented in the article give an overview of the
attempt for smart irrigation scheduling in rice and optimiza-
tion of RWCS by shifting sowing window for sustainable
production based on climate, soil and crop information.

3.2 Validation of the model used in IR calculation and
development of irrigation software

To test the performance of the model used in this paper for
estimation of IR of rice based on climate, soil and crop coef-
ficient, we validated the model for rice crop grown during
kharif season of 2017 and 2018. Using the model, simulated
IR for the crop grown during 2017 and 2018 was worked out
(Table 5). It was observed that total simulated IR for the cropTa
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grown during 2017 varied from 455.3 to 732.3 mm, while
actual IR were found to vary from 484.4 to 747.4 mm. The
model predicated IR within 1.4 to 10.2% of actual irrigation
amount. On the other hand, model simulated IR varying from
432.0 to 671.6 mm for different dates of transplanting during
2018 against the actual IR of 458.0–655.4 mm. Error percent-
ages between simulated and actual irrigation for the crop
grown during 2018 varied from 5.7 to 8.4 among different
dates of transplanting. The variation in IR depended on date
of transplanting and availability of rainwater during the crop
growing period.

Using the data used in the model, an irrigation software
entitled “Climate Smart Irrigation Software for Kharif Rice”
was developed with a view to calculate precise amount of
irrigation and decide the actual date of irrigation for kharif
rice. The application of right quantity of water for irrigation
is essential for enhancing the water use efficiency in the crop,
and also it prevents its excess use or loss. Another thing is that
the farmers of the region do not have any reliable and effective
technique for deciding the actual date of irrigation. This user-
friendly software has been designed to give practical solution
in this direction. The software consists of three modules, viz.
(i) calculation of irrigation requirement for puddling opera-
tion, (ii) calculation of irrigation requirement for the period
of 1 week after transplanting and (iii) calculation of irrigation
requirement for the period from 1 week after puddling until

physiological maturity. To run the software, the user should
have information on field capacity, permanent wilting point,
available water holding capacity and seepage and percolation
rate of the farm soil as primary requirements. Only two mete-
orological parameters, viz. daily rainfall and evaporation rate
of a location, are required for estimation of irrigation require-
ment and deciding the actual date of irrigation.

3.3 Climatic suitability for early planting of wheat

The early transplanted rice would enable the farmers of the
region to have their fields vacated for early planting of wheat.
Results of field experiments on crop-weather relationship re-
vealed that a wheat crop planted early by 15 November would
ensure completion of its most sensitive flowering phase by 15
February, beyond which increase in day temperature above
25 °C accompanied by dry westerly winds tend to interfere
with pollination of wheat crop, thereby adversely affecting the
grain setting (Sattar et al. 2017b). Hence, if wheat planting is
finished well before 15 November, there is higher possibility
that the sensitive phases of reproductive and maturity period
would escape terminal high temperatures (Fig. 6). To corrob-
orate this fact, plots of average air temperature recorded dur-
ing 50% flowering tomilking, 50% flowering to physiological
maturity of wheat crop across different dates of planting, viz.
15 November, 25 November, 5 December, 15 December and

Table 5 Simulated and actual irrigation requirement (mm) of kharif rice transplanted on different dates in 2017 and 2018

S. N. DOT-DOPM Rice duration (days) Simulated irrigation requirement (mm) Total actual irrigation
requirement (mm)

Error (%)

Puddling For subsequent period Total

2017 2018 2017 2018 2017 2018 2017 2018 2017 2018

1 5 Jun–10 Oct 127 316.3 410.2 245.3 261.6 561.6 671.6 526.8 619.5 6.6 8.4

2 20 June–27 Oct 129 295.7 318.4 277.3 289.0 563.0 607.0 510.6 655.4 10.2 7.4

3 10 Jul–16 Nov 130 95.3 193.3 360.0 271.6 455.3 464.6 484.4 494.7 1.4 6.0

4 30 July–8 Dec 131 310.0 132.5 422.3 300.0 732.3 432.0 747.4 458.0 2.0 5.7
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25 December, for five wheat growing seasons (2011–2012 to
2015–2016) against grain yield demonstrated that with de-
layed planting, sensitive phases of the crop experience higher
air temperature, which led to reduction in grain yield (Fig. 6).
Considering grain yield vis a vis temperature regime during
flowering to maturity stage, the most viable recommendation
for the farmers of the region would be to finish wheat planting
before 15 November. Early harvesting of rice by 25 October
(PM date on 10 October) facilitated early wheat planting be-
fore 10–15 November and thus helped avoid terminal heat
stress on wheat during flowering to maturity phase. It also
ensured that a wheat crop of 135–140-day duration if planted
around 5–10 November could be harvested in the last week of
March. Early harvesting of wheat inMarch also helped escape
hailstorm damage on wheat in April as the probability of oc-
currence of hailstorm in the month of April in the region is
almost 70% (Fig. 7). The anthesis-time management by ma-
nipulating planting dates of crops at different times could be
an adaptation strategy for optimum yield under changing cli-
mate (Richards 2006; Sattar et al. 2020). The study further
implied that advancing the sowing of wheat could prove a

boon for millions of farmers in the regions in escaping termi-
nal heat stress induced by high temperature and thereby real-
izing higher grain yield of wheat (Fig. 6). The daily normal
maximum, minimum and average air temperatures have also
been presented to bring an idea of prevailing temperature re-
gime in the region during wheat growing season (Fig. 8),
which shows that there is a tendency of Tmax and Tmin to shoot
up above 25 °C and 12 °C, respectively, from 20 February
onwards surpassing the critical thresholds for obtaining opti-
mum wheat productivity (> 4500 kg ha−1). Nathaniel et al.
(2012) considered shifting of sowing date as one of the adap-
tive options under climate change condition. Liu et al. (2020)
observed that changing growing season start date is a potential
way to enhance resilience to climate change. One minor prob-
lem related to early planting of wheat could be the prevalence
of initial higher temperature during sowing time of wheat,
which might affect seed germination. The average maximum
temperature during 1–15 November in the region prevails be-
tween 29.2 and 30.1 °C, while minimum temperature varies
from 15.2 to 16 °C. Average temperature during this period
(1–15 November) is found to vary from 22.0 to 23.1 °C. Such

Fig. 7 Occurrence of
hailstorm(%) in different months
at Pusa, Bihar (India) (database
2001–2020)
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variation of temperature is within optimum threshold limit for
wheat sowing and germination (Luo 2011; Porter and Gawith
1999). Moreover, early sowing of wheat before 15 November
does not appear to be a constraint with adoption of cultivar
such as HD 2967 by the farmers, which can tolerate compar-
atively higher temperature during germination. On the other
hand, with delayed sowing, sensitive phases of the crop expe-
rienced higher air temperatures, which led to reduction in
grain yield (Sattar et al. 2017b). Critical thresholds identified
for the crop revealed that during 50% flowering to milking
stage, maximum temperature and minimum temperature
above 24.6 °C and 11.6 °C, respectively, reduced grain yield
sharply below 4500 kg ha−1. Significant reduction in grain
yield was observed beyond a day temperature of 26.9 °C.
An increase of Tmax from 29.2 to 32.1 °C during flowering
to physiological maturity curtails the wheat production drasti-
cally. Grain yield declines by 399 kg ha−1 per 1 °C rise in Tmax

during 50% flowering to physiological maturity stage (Fig. 9).
A few days of temperature above threshold values, if coincid-
ed with anthesis, can significantly reduce grain yield, affecting
subsequent reproductive processes (Wheeler et al. 2000).

4 Conclusions

The findings of the study could be immensely useful in develop-
ing climate smart rice-wheat production system in the middle
Gangetic plains of India. It revealed that rice transplanting can
be advanced to realize the potential yield of the crop with higher
water productivity. Early transplanting of rice facilitated early
wheat sowing, thereby reducing the negative impact of terminal
heat stress on its growth and yield. Simultaneously, it also re-
duced the higher chances of hailstorm damage in April (70%) on
matured wheat crop, as early planting ensured its harvesting in
the last week of March. A set of combinations with respect to
transplanting dates and duration of rice followed by early plant-
ing of wheat before 15 November would enable the farmers of

the region to harness greater economic benefits and environmen-
tal services from adopting such climate smart vibrant RWCS.
Early transplanting of rice during 20–30 June appeared to be
the best option for the farmers following RWCS. The anthesis-
time management by manipulating sowing window of wheat
would lead to an effective solution for tackling the problem of
terminal heat stress on wheat, which tends to curtail wheat pro-
ductivity in this region of the Indo-Gangetic Plains. This would
enhance the resilience of life-supporting rice-wheat production
system to climatic change. The study highlighted a bright pros-
pect for millions of farmers following RWCS in vast areas of
Indo-Gangetic Plains, particularly Bihar and eastern Uttar
Pradesh. Moreover, climate smart irrigation software developed
for kharif rice based on the model used in this study would help
researchers and farmers to optimize water use in rice under water
stressed environment.
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