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Abstract: Crop stage-specific information on the impacts of projected climate change on crop and
irrigation water requirements are essential for improving productivity. This study investigated the
possible implications of projected climate change on the phenology, effective rainfall (Peff), crop
(CWR) and irrigation water requirements (IWR) of maize in eight locations in India. CWR, Peff and
IWR were estimated for seven crop stages viz., emergence, 5th leaf stage, tasseling, silking, milking,
dough and maturity during the baseline (1980–2009) and near-century (2022–39) using climate data
derived from a subset of 29 general circulation models. The results indicated that mean seasonal
maximum temperature, minimum temperature and rainfall were projected to increase in all the
locations. Hence, the total crop duration (3–7 days), CWR (8–69 mm) and IWR (1–54 mm) were
projected to decrease. The study could identify the specific stages in which the greatest reduction in
crop duration, CWR and IWR would occur. Such information will be of immense help to farmers and
varietal improvement programs in the study regions in the near future.

Keywords: GCMs; weighted average ensemble; phenology; effective rainfall; crop water requirement;
irrigation water requirement

1. Introduction

Water availability is critical for human settlement, agriculture production, and animal
husbandry. Population growth, industrialization, and urbanization have all resulted in the
increased use of water resources over the centuries. Due to these factors, the worldwide
water demand has increased at a rate of 1% each year since 1980 [1]. Because of industrial
and domestic needs, global water usage would grow by 20–30%, putting more than 2 billion
people in high water stress and over 4 billion people in severe water scarcity for at least a
month each year. Simultaneously, the United Nations’ Sustainable Development Goal-6
aims to ensure the availability and long-term management of water resources for all people
everywhere [2].

In India, almost 81% of water resources are utilized by agriculture [3]. A rise in
temperature as a result of global warming necessitates additional water for agriculture
in order to meet crop evapotranspiration requirements [4,5]. The global mean surface
temperature increased by 0.8–1.3 ◦C between 1850 and 1900 and from 2000 to 2019, while
global surface temperature is expected to continue to rise until the mid-21st century [6].
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Under all potential greenhouse gas emission scenarios in the near term, i.e., 2021–2040, the
surface temperature rise would most likely be between 1 and 1.6 ◦C. On the other hand, as
the temperature rises, crop phenology/duration will decrease/shorten [7–13], reducing
irrigation frequency and water consumption [14,15]. As a result, a full understanding of the
interactions between climate change, crop phenology, and crop water demands is critical at
this time to ensure sustainable use of irrigation resources.

The area under maize cultivation in India has expanded from 6.61 million hectares
in 2000-01 to 9.03 million hectares in 2018-19 [16], owing to prospects in the cattle and
poultry feed industries as well as a shift in maize consumption patterns in the country. The
total maize production of India in 2018-19 was 27.8 MT [17] and is projected to increase
to 121 MT to meet demand in 2050 [18]. During the kharif (June–September) season, over
83 percent of maize is cultivated under rainfed conditions, while 17 percent is planted under
assured irrigation during the rabi (post-rainy season) season [19]. Due to the significant
variability of monsoon rainfall and the frequency of intra-seasonal dry spells, kharif maize
productivity in India is lower than rabi maize productivity. Hence, research on irrigation
water management in rainfed maize to increase water use efficiency is relevant. Most of
the previous studies on crop water requirements in rainfed maize are confined to seasonal
water requirement. No studies have been reported so far on how crop and irrigation water
requirements will be affected during different growth stages of maize under projected
climate change in India.

The objective of the study was to quantify the impact of projected climate change on
the phenology, crop and irrigation water requirements of maize, spatially and temporally
in India. Furthermore, we have tried to identify the critical stages of crop growth during
which major changes in crop and irrigation water requirements are expected in the near
future. The null-hypothesis of the work was ‘the crop and irrigation water requirements of
maize will increase under the projected climate change of the near future’.

2. Materials and Methods
2.1. Study Locations

Eight locations, spread across three states in India were selected for the study to cover
diverse climatic conditions, soil types and crop duration. A brief description of the study
locations is given in Table 1.

Table 1. Details of the study locations.

Location State
Mean

Seasonal
Rainfall (mm)

Seasonal
Mean

Tmax (◦C)

Seasonal
Mean

Tmin (◦C)
Soil Texture Mean Crop

Duration

Banswara

Rajasthan

907 32.5 23.7 Sandy loam 81
Chittorgarh 772 32.6 19.1 Clay loam 85
Dungarpur 774 32.5 23.7 Sandy loam 81

Udaipur 685 31.8 17.5 Sandy loam 86

Indore Madhya
Pradesh

903 32.5 22.4 Silty clay loam 114
Khargone 797 32.4 22.4 Clay loam 115

Mudugere
Karnataka

1218 27.8 20.1 Sandy clay loam 116
Navile 827 27.4 19.6 Sandy loam 116

2.2. Collection of Crop Data

Field experimental data on maize was provided by a network of Agromet Field
Units/District Agromet Units under Gramin Krishi Mausam Sewa project network of
India Meteorological Department (IMD) in coordination with ICAR & State Agricultural
Universities (SAUs). The data mainly consisted of information on crop phenology, date
of sowing etc. These data were used to estimate crop growth stage-specific accumulated
growing degree days. More details regarding the data collected are presented in Supple-
mentary Table S1. This was used to predict the duration of phenological stages under the
projected climate.
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2.3. Weather Data–Baseline and Projected
2.3.1. Baseline Climate Data

The daily rainfall, maximum temperature (Tmax) and minimum temperature (Tmin)
of the study locations during 1980–2009 were collected from IMD, Pune website [20]. The
rainfall data have a spatial resolution of 0.25◦ × 0.25◦ [21] while the Tmax and Tmin data
have a spatial resolution of 1◦ × 1◦ [22].

2.3.2. Projected Climate Data

The projected climate data for the study locations were derived using 29 general
circulation models (GCMs) from a fifth coupled model inter-comparison project (CMIP-5)
(Table 2). Using the ‘Representative Temperature and Precipitation (T&P) GCM Sub setting
Approach’ [23], 5 GCMs were chosen from a pool of 29 GCMs for this investigation. In
this method, 29 GCMs were classified into five quadrants based on their divergence from
the ensemble median in temperature and rainfall. Figure 1a–h depicts the five quadrants
of 29 GCMs obtained for the study locations. The GCM with the projected change in
temperature and rainfall closest to the quadrant’s median was chosen for each location
(Table 3). ‘Empirical quantile mapping’ was used to correct the bias of the selected GCMs.
For downscaling, it uses empirical cumulative distributions of observed and modelled
precipitation. GCM simulated values were ’mapped’ onto historical observed data by
quantile, and each simulated quantile value was adjusted separately. Monthly mean
maximum and minimum temperatures, precipitation, daily maximum and minimum
temperature standard deviations, the number of wet days, and the shape of the rainfall
distribution were all adjusted. The historical time series was stretched in this way to mimic
future projections where the mean and variability had changed.

Table 2. Summary of 29 GCMs used in this study for climate change impact assessment [23].

Symbol GCM Horizontal
Resolution Symbol GCM Horizontal

Resolution

A ACCESS1-0 1.25◦ × 1.875◦ P MIROC-ESM ~2.8◦ × 2.8◦

B BCC-CSM 1-1 ~2.8◦ × 2.8◦ Q MPI-ESM-LR ~1.9◦ × 1.875◦

C BNU-ESM ~2.8◦ × 2.8◦ R MPI-ESM-MR ~1.9◦ × 1.875◦

D CanESM2 ~2.8◦ × 2.8◦ S MRI-CGCM3 ~1.1◦ × 1.125◦

E CCSM4 ~0.9◦ × 1.25◦ T NorESM1-M ~1.9◦ × 2.5◦

F CESM1-BGC ~0.9◦ × 1.25◦ U FGOALS-g2 ~2.8◦ × 2.8◦

G CSIRO-Mk3-6-0 ~1.9◦ × 1.875◦ V CMCC-CM ~0.75◦ × 0.75◦

H GFDL-ESM2G ~2.0◦ × 2.5◦ W CMCC-CMS ~1.875◦ × 1.875◦

I GFDL-ESM2M ~2.0◦ × 2.5◦ X CNRM-CM5 ~1.4◦ × 1.4◦

J HadGEM2-CC 1.25◦ × 1.875◦ Y HadGEM2-AO 1.25◦ × 1.875◦

K HadGEM2-ES 1.25◦ × 1.875◦ Z IPSL-CM5B-LR ~2.5◦ × 1.26◦

L INM-CM4.0 1.5◦ × 2.0◦ 1 GFDL-CM3 2◦ × 2.5◦

M IPSL-CM5A-LR ~1.9◦ × 3.75◦ 2 GISS-E2-R 2◦ × 2.5◦

N IPSL-CM5A-MR ~1.3◦ × 2.5◦ 3 GISS-E2-H 2◦ × 2.5◦

O MIROC5 ~1.4◦ × 1.4◦
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Figure 1. Delta temperature–delta precipitation scatter plot for (a) Banswara, (b) Chittorgarh (c) 
Dungarpur (d) Indore (e) Khargone (f) Mudugere (g) Navile and (h) Udaipur for a selection of rep-
resentative GCMs (JJAS–June to September growing season of maize; JASO–July to October). Letters 
A to Z (26) and numbers 1 to 3 represent 29 GCMs (as presented in Table 2) and they are coloured 
according to their category. The dots represent the median of GCMs within a category. 

  

Figure 1. Delta temperature–delta precipitation scatter plot for (a) Banswara, (b) Chittorgarh (c)
Dungarpur (d) Indore (e) Khargone (f) Mudugere (g) Navile and (h) Udaipur for a selection of
representative GCMs (JJAS–June to September growing season of maize; JASO–July to October).
Letters A to Z (26) and numbers 1 to 3 represent 29 GCMs (as presented in Table 2) and they are
coloured according to their category. The dots represent the median of GCMs within a category.
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Table 3. Selected GCMs from each quadrant for the study locations and their weights *.

Location Quadrant Symbol GCM Weight

Banswara

cool/wet 2 GISS-E2-R 10/29
hot/wet J HadGEM2-CC 3/29
cool/dry H GFDL-ESM2G 2/29
hot/dry U FGOALS-g2 7/29
middle P MIROC-ESM 7/29

Chittorgarh

cool/wet B BCC-CSM 1-1 9/29
hot/wet G CSIRO-Mk3-6-0 5/29
cool/dry X CNRM-CM5 2/29
hot/dry U FGOALS-g2 7/29
middle 1 GFDL-CM3 6/29

Dungarpur

cool/wet V CMCC-CM 8/29
hot/wet K HadGEM2-ES 5/29
cool/dry H GFDL-ESM2G 5/29
hot/dry U FGOALS-g2 6/29
middle W CMCC-CMS 5/29

Indore

cool/wet V CMCC-CM 8/29
hot/wet K HadGEM2-ES 4/29
cool/dry L INM-CM4.0 3/29
hot/dry N IPSL-CM5A-MR 6/29
middle O MIROC5 8/29

Khargone

cool/wet Y HadGEM2-AO 8/29
hot/wet K HadGEM2-ES 5/29
cool/dry X CNRM-CM5 4/29
hot/dry Q MPI-ESM-LR 5/29
middle E CCSM4 7/29

Mudugere

cool/wet 2 GISS-E2-R 5/29
hot/wet O MIROC5 6/29
cool/dry T NorESM1-M 4/29
hot/dry M IPSL-CM5A-LR 7/29
middle F CESM1-BGC 7/29

Navile

cool/wet 2 GISS-E2-R 7/29
hot/wet J HadGEM2-CC 5/29
cool/dry S MRI-CGCM3 4/29
hot/dry W CMCC-CMS 7/29
middle F CESM1-BGC 6/29

Udaipur

cool/wet B BCC-CSM 1–1 6/29
hot/wet K HadGEM2-ES 6/29
cool/dry X CNRM-CM5 4/29
hot/dry C BNU-ESM 8/29
middle M IPSL-CM5A-LR 5/29

Note: * Weightage was estimated by the ratio of number of GCMs under each quadrant (as per Figure 1) to the
total number of GCMs (29).

2.4. Computation of Crop and Irrigation Water Requirement
2.4.1. Estimation of Sowing Time

In India, farmers generally sow during kharif season (June-September) after the onset
of the southwest monsoon. This ensures enough soil moisture for germination and crop
establishment. The amount of available soil moisture is determined by the texture and
structure of the soil and the amount of rainfall received, among other factors. Estimation of
daily soil water balance is a popular method of estimating soil moisture. Here, we have
used the daily water balance model proposed by Robinson and Hubbard [24]. The model
uses soil water balance Equation (1) as an input to determine soil water in the root zone (S)
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from a value one day before (S0), precipitation (p), irrigation (I), evapotranspiration (ET),
runoff (R0), and drainage below the root zone (Dr).

S = S0 + p + I − ET − R0 − D (1)

In this equation, evapotranspiration was estimated using the Penman-Monteith equa-
tion. The difference between the volumetric percentage of water at wilting point and at
field capacity was used to estimate the potential available water for crop use. Within a
fixed, user-defined sowing window, the optimum sowing date was determined when the
soil moisture became equal to or more than a proportion of the available water in the soil
(i.e., available soil water multiplied by a factor known as the soil moisture threshold). The
value of the soil moisture threshold (F) was assumed to be 0.5, as mentioned in [24]. As
the soil water level reached wilting point, this factor (F) was used to limit crop water use.
The available water in the soil was calculated by the difference in moisture content at field
capacity and permanent wilting point. Hence, whenever the criteria for sowing are met
within the sowing window, that particular date was selected as the sowing date. More
details regarding estimation of sowing time can be obtained from [25].

2.4.2. Estimation of Crop Phenology

Once the optimum sowing date was identified, the subsequent crop growth stages
were identified based on thermal time concept [26,27]. For this, field experimental data of
rainfed maize in the study locations were collected to estimate the average accumulated
growing degree days (AGDD) required to achieve each growth stage. Based on these
AGDD values, the crop phenology of rainfed maize (emergence, 5th leaf stage, tasseling,
silking, milking, dough and maturity) was estimated during the baseline (1980–2009) and
near-century (2022–39) under RCP4.5 and RCP8.5 emission scenarios.

2.4.3. Estimation of Crop and Irrigation Water Requirements

The crop water requirement (CWR) is the total amount of water needed to compensate
for evapotranspiration loss from a cultivated field under well-managed conditions, such as
when there is no water, fertilizer, or insect stress [28]. Any abiotic stress (mainly drought,
dry spells etc.) will negatively affect the production of biomass and hence yield [29].

The crop-specific water requirement was calculated by multiplying the stage specific
crop coefficient parameter (Kc) with the reference evapotranspiration (ET0) at different
maize growing stages, hence Equation (2):

CWR = ET0 ∗ Kc (2)

The Kc values were taken from FAO-56 [30]. CWR was estimated for each of the
phenological stages of the crop during the baseline and near-century.

The IWR is the quantity of water needed to meet the CWR in addition to what is
received through rainfall. Since all the rainfall that occurs in the field will not be available
to the crop, the concept of effective rainfall (Peff) was considered in this study.

The Peff is the proportion of total precipitation (P) that is directly available to crops and
does not run off. The Peff’s variation is influenced by a number of things. The key factors
include precipitation characteristics, soil parameters, crop evapotranspiration rates, and
irrigation management. In this study, we have used the soil conservation method of United
States Department of Agriculture (USDA) to estimate Peff using the following Equations (3)
and (4):

Pe f f =
P (4.17 − 0.2P)

4.17
f or P < 8.2 mm (3)

Pe f f = 4.17 + 0.1P f or P ≥ 8.2 mm (4)

Irrigation water requirement (IWR) was calculated using Equation (5):

IWR = (Kc ∗ ET0)− Pe f f i f (Kc ∗ ET0) > Pe f f ; otherwise IWR = 0 (5)
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2.5. Impact of Projected Climate on Phenology, Crop and Irrigation Water Requirement

The projected changes in seasonal rainfall during the near-century under RCP4.5 and
RCP8.5 compared to that of the baseline was estimated using Equation (6):

Per cent change in seasonal rain f all =
[
(Weighted ensemble GCM mean−Baseline mean)

Baseline mean

]
∗ 100 (6)

For maximum and minimum temperature, the absolute difference from the mean
baseline of Tmax and Tmin was taken. Similarly, the changes in crop phenology, CWR
and IWR under the projected climate were estimated in absolute terms (i.e., the difference
between the durations/CWR/IWR of crop stages in the future and that of the baseline).

For simulation with future climate data, five GCM outputs were used. Hence, for each
study location, there were five outputs for phenology, CWR and IWR during near-century-
RCP4.5 and another five during near-century-RCP8.5. To combine this into a single output,
the weighted average ensemble technique [31] was used via the following Equation (7):

Weighted average ensemble =
Xcool/wet ∗ n1 + X hot

wet
∗ n2 + X hot

dry
∗ n3 + X cool

dry
∗ n4 + Xmiddle ∗ n5

29
(7)

where X can be phenology, CWR or IWR; n1, n2, n3, n4 and n5 were the number of GCMs in
cool/wet, hot/wet, hot/dry, cool/dry and middle quadrants respectively for each of the
study locations; 29 was the total number of GCMs used in the study.

3. Results
3.1. Projected Climate
3.1.1. Seasonal Rainfall

Seasonal rainfall in the future is projected to increase in all the locations and RCP
scenarios, except over Chittorgarh and Udaipur under RCP4.5. The highest increase in
seasonal rainfall was projected over Banswara (+17% compared to the baseline mean of
800 mm) and Khargone (+16% from the baseline mean of 682 mm) under RCP4.5 and
RCP8.5, respectively (Figure 2). Rainfall is projected to decrease over Chittorgarh and
Udaipur by 1.4% and 1.2% respectively under RCP4.5. Compared to RCP4.5, the projected
increase in seasonal rainfall would be higher under RCP8.5. Out of the 8 study locations, the
total seasonal rainfall was projected to increase by over 100 mm in four locations (Banswara,
Dungarpur, Indore and Khargone).

3.1.2. Tmax

The mean seasonal maximum temperature was projected to increase by 0.3–0.6 ◦C
across the study locations (Figure 2). The highest increase was projected over Banswara
(0.6 ◦C under both RCP4.5 and RCP8.5) and the lowest over Navile (0.3 ◦C under RCP4.5
and 0.4 ◦C under RCP8.5).

3.1.3. Tmin

The mean seasonal minimum temperature was projected to increase by 0.7–1.4 ◦C
across the locations (Figure 2). The highest increase was projected in Indore (1.2 ◦C under
RCP4.5 and 1.4 ◦C under RCP8.5) and the lowest over Mudugere (0.7 ◦C under both RCP4.5
and RCP8.5). The spread of the distribution was greater during the baseline than that of the
future period (both under RCP4.5 and 8.5) in Chittorgarh, Indore, Khargone and Udaipur.
The magnitude of increase in Tmin was higher than that of Tmax in all the locations, as
indicated by Figure 2.

The projected increase in seasonal rainfall will cause a reduction in irrigation water
requirements in the future. Similarly, the increase in temperature (both Tmax and Tmin)
will cause faster accumulation of GDD and, hence, shorten the crop growing period. A
reduction in crop duration will decrease the water requirement of the crop.
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Figure 2. Changes in projected mean seasonal Tmax (◦C), Tmin (◦C) and rainfall (mm) during
2022–39 under RCP4.5 and 8.5 in all study locations, compared to baseline period (1980–2009). The
cross hair and black line inside each box plot represent the mean and median of the distribution,
respectively.

3.2. Changes in Phenology under Future Climate

A reduction in total crop duration is projected in all the study locations from 2022–39
under RCP4.5 and RCP8.5, compared to the baseline. The total duration of the crop was
projected to decrease by 6 days (under RCP4.5) and 7 days (under RCP8.5) in Indore and
Mudugere (Figure 3). Similarly, the projected reduction in Navile and Khargone was 5–7
and 5 days, respectively. In all the locations, a higher reduction was projected during
reproductive stages than vegetative stages. The lowest reduction in total crop duration was
projected in Banswara and Dungarpur (3–4 days). The projected reduction in crop duration
across the locations can be attributed to the increase in both Tmax and Tmin. The increased
temperature caused faster accumulation of GDD, which reduced the days required to reach
specific growth phases. Hence, there was a reduction in total crop duration in all the study
locations.

3.3. Changes in Crop Water Requirement

In the case of phenology, the total crop water requirement is projected to decrease in
the period 2022–39 across all the study locations, though the magnitude varies spatially.
The highest reduction in total CWR was projected in Udaipur (69 mm under RCP4.5 and
51 mm under RCP8.5) and the lowest in Banswara (8 mm each under RCP4.5 and RCP8.5)
(Figure 4). The reduction in CWR can be attributed to the reduction in total crop duration,
which in turn was caused by higher Tmax and Tmin under the projected climate. As
the projected reduction in total crop duration ranged 3–7 days (across the locations and
emission scenarios), a reduction in CWR was obvious. In the case of Udaipur, where
the highest reduction in CWR was recorded, Tmax and Tmin were projected to increase
by 0.5 ◦C (under both RCP4.5 and RCP8.5) and 1 ◦C (under RCP4.5) to 1.3 ◦C (under
RCP8.5). Due to higher Tmax and Tmin, the total crop duration was projected to decrease
by 4–5 days. Among the phenophases, the CWRs of the silking, milking and dough stages
were projected to decrease by 9–12mm, 13–19 mm and 16–25 mm, respectively (the first
and second values in the range denote the reduction in CWR under RCP8.5 and RCP4.5,
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respectively). Across the study locations, the highest reduction in CWR was recorded
during silking to milking.
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3.4. Changes in Irrigation Water Requirement

IWR was also projected to decrease during 2022–39 across all locations. While the
highest projected reduction was in Udaipur (48–54 mm), the lowest was in Muduguere (no
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change under RCP4.5 and a reduction of 1 mm under RCP8.5) (Figure 5). The total seasonal
Peff was projected to increase in all the locations under both RCP4.5 and RCP8.5, except
Mudugere (decreasing by 9 mm under RCP4.5 and by 16 mm under RCP8.5) and Udaipur
(decreasing by 4mm under RCP4.5) (Figure 6). The highest increase in Peff was projected in
Banswara (35 mm under RCP4.5 and 27 mm under RCP8.5), followed by Khargone (23 mm
under RCP4.5 and 30 mm under RCP8.5).
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A summary of the water balance model components, CWR and IWR, in the study loca-
tions during the baseline and near-future periods is presented in Supplementary Table S2.

4. Discussion

The seasonal rainfall, mean Tmax and mean Tmin were projected to increase consider-
ably in the study locations from their baseline mean. The projected increase in Tmax and
Tmin over the study locations is in agreement with the latest report by IPCC [6], which
stated that unless major reductions in carbon dioxide (CO2) and other greenhouse gas
emissions occur in the coming decades, global warming of 1.5 ◦C and 2 ◦C will be exceeded
during the twenty-first century. It has already been mentioned that the magnitude of the
increase in Tmin would be greater than that of Tmax in all the study locations under the
projected climate. While local conditions, particularly soil water content and evaporative
heat loss as soil water evaporates, influence maximum temperatures, mesoscale changes in
atmospheric water vapour concentration influence minimum air temperatures [32]. As a re-
sult, substantial increases in maximum temperatures are less likely to occur in areas where
climate change is predicted to result in increased rainfall [8]. The results of the water bal-
ance components indicated that the total seasonal surface runoff will be higher in the future
in Banswara, Dungarpur, Indore and Khargone compared to the baseline (Supplementary
Table S2). Maize, being susceptible to waterlogging, may face water stagnation due to the
projected increase in rainfall and runoff in these locations.

The results of the present study revealed that maize phenology, CWR and IWR were
very responsive to the projected climate scenarios. The crop duration would reduce due to
increases in Tmax and Tmin in the near-future (2022–39). The results are in agreement with
previous studies [33–36], which have stated that rising temperatures caused a shortening
of crop growth duration. An increase in temperature causes faster accumulation of degree
days, which in turn reduces the number of days required to achieve a specific growth stage
by the crop. The results also indicate that, compared to the vegetative stage, the reduction
was higher during the reproductive stage, as reported by [37]. Non-perennial crops with a
faster growth rate have a shorter life cycle, resulting in smaller plants, shorter reproductive
periods, and reduced yield potential [8]. In all four study locations in Rajasthan (Banswara,
Chittorgarh, Dungarpur and Udaipur), an average reduction of two days was projected
in the near future between the 5th leaf stage and tasselling, irrespective of the emission
scenarios. However, during reproductive stages, a higher reduction in crop duration was
recorded under the RCP8.5 scenario than RCP4.5. For example, in Indore, a reduction of
three days (four) was observed between milking and physiological maturity under the
RCP4.5 (8.5) scenario when compared to the baseline mean. The magnitude of the total
reduction in crop duration was lesser over study locations in Rajasthan (average reduction
of 3–5 days) and greater over study locations in Karnataka and Madhya Pradesh (average
reduction of 5–7 days). A possible reason for this may be the fact that the mean crop
duration was shorter over study locations in Rajasthan (81–86 days) compared to other
locations (114–116 days), as indicated by Table 1.

Various studies conducted on changes in the water requirement of crops under the
projected climate have reported a decrease in CWR due to reduced growing days [38,39].
Similarly, using the AquaCrop model, a reduction in maize CWR under elevated temper-
atures and increasing CO2 concentrations has been predicted in China [40]. Despite the
fact that an increase in temperature is expected to increase evapotranspiration [41,42], the
seasonal CWR is expected to decrease compared to the baseline [43] due to the reduction
in the growing period caused by early stomatal closure as a result of triggered fertiliza-
tion through high CO2 concentration and elevated temperature. The same observation
is applicable in the present study too, though we have not considered the impact of CO2
fertilization on the phenology, CWR and IWR of maize. Along with this, the projected
increase in rainfall is likely to offset or reduce the impact of increasing Tmax and Tmin [44].

Furthermore, a recent study has confirmed that in North-West India, the total water
footprint of kharif -season maize is expected to drop by more than 4% during the 2050s [45].
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They have also reported that green water footprints in kharif -season maize decreased
by 0.0–5.0 percent in Chhattisgarh, Odisha, Andhra Pradesh, Karnataka, and parts of
Gujrat and Rajasthan. Four out of eight of our study locations are in Rajasthan state (which
represents North-West India) and two locations each are in Karnataka and Madhya Pradesh.
These results are also in agreement with this study.

The results indicated a reduction in the IWR in all the study locations in the near
future. The change in IWR could be due to (1) change in CWR, (2) change in effective
rainfall (Peff) or (3) change in crop duration. As discussed in Section 3.3, the CWR was
projected to decrease under future climate scenarios. The increase in Peff can be attributed
to the increase in seasonal rainfall. The highest increase in seasonal rainfall was projected
in Banswara, followed by Khargone. Since the CWR in all the locations was projected to
decrease and Peff was projected to increase (with two exceptions), the IWR decreased in all
the study locations. Previous studies have predicted a reduction in IWR in future due to
reductions in crop duration [46] and CO2 fertilization effect [47,48].

Unlike most of the other studies involving the impact of the projected climate on
CWR and IWR, this study has estimated crop-stage specific changes in the phenology,
CWR and IWR of maize across multiple locations in India. This has enabled a better
understanding of the crop growth stages in which major changes in crop duration, CWR
and IWR may to occur, spatially and temporally. Such information would be very useful
for the scheduling of irrigation at critical stages, varietal development programs, and the
planning and management of available fresh water resources for agricultural purposes,
as there would be much competition from other sectors such as industry, domestic and
tourism in the future.

5. Conclusions

The current study estimated the impact of the projected climate on crop duration, crop
water requirement, effective rainfall and irrigation water requirement for kharif maize in
eight locations in India. The selection of 5 GCMs from a pool of 29 CMIP-5 GCMs provided
a comprehensive quantification of possible projected climates in the future. The study
revealed the specific growth stages of maize in which the duration, CWR and IWR are
projected to decrease. The decrease in the growth duration of maize was mainly due to
increases in mean seasonal Tmax and Tmin. The increased seasonal rainfall and thereby
effective rainfall caused reductions in CWR and IWR. The output of the study will be
effective information for farmers and varietal development programs in the study locations
in the near future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su14031419/s1, Figure S1: Delta temperature–delta precipitation scatter plot for (a) Banswara,
(b) Chittorgarh (c) Dungarpur (d) Indore (e) Khar-gone (f) Mudugere (g) Navile and (h) Udaipur for
a selection of representative GCMs (JJAS–June to September growing season of maize; JASO–July
to October). Letters A to Z (26) and numbers 1 to 3 represent 29 GCMs (as presented in Table 2)
and they are coloured according to their category. The dots represent the median of GCMs within a
category; Figure S2: Changes in projected mean seasonal Tmax (◦C), Tmin (◦C) and rainfall (mm)
during 2022–39 under RCP4.5 and 8.5 in all study locations, compared to baseline period (1980–2009).
The cross hair and black line inside each box plot represent the mean and median of the distribution,
respectively; Figure S3: Changes in phenology (stage-wise and total) of maize during 2022–39 under
RCP4.5 and 8.5 in all study locations, compared to baseline period (1980–2009). The cross hair and
black line inside each box plot represent the mean and median of the distribution, respectively;
Figure S4: Changes in crop water requirement (stage-wise and total) of maize during 2022–39 under
RCP4.5 and 8.5 in all study locations, compared to baseline period (1980–2009). The cross hair and
black line inside each box plot represent the mean and median of the distribution, respectively;
Figure S5: Changes in irrigation water requirement (stage-wise and total) of maize during 2022–39
under RCP4.5 and 8.5 in all study locations, compared to baseline period (1980–2009). The cross hair
and black line inside each box plot represent the mean and median of the distribution, respectively;
Figure S6: Changes in effective rainfall (stage-wise and total) of maize during 2022–39 under RCP4.5

https://www.mdpi.com/article/10.3390/su14031419/s1
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and 8.5 in all study locations, compared to baseline period (1980–2009). The cross hair and black
line inside each box plot represent the mean and median of the distribution, respectively; Table S1:
Details of the study locations; Table S2: Summary of 29 GCMs used in this study for climate change
impact assessment [23]; Table S3: Selected GCMs from each quadrant for the study locations and
their weights.
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