* water

Article

Assessment of Different Frameworks for Addressing Climate
Change Impact on Crop Production and Water Requirement

Ranjeet K. Jha 1'2*(), Prasanta K. Kalita 3, Praveen Kumar #(, Paul C. Davidson 3

check for
updates

Citation: Jha, R.K.; Kalita, PK.;
Kumar, P; Davidson, P.C.; Jat, R.
Assessment of Different Frameworks
for Addressing Climate Change
Impact on Crop Production and Water
Requirement. Water 2024, 16, 1992.
https://doi.org/10.3390/w16141992

Academic Editors: Leszek Sobkowiak

and Dariusz Wrzesinski

Received: 18 June 2024
Revised: 11 July 2024

Accepted: 12 July 2024
Published: 14 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Rajkumar Jat ®

School of Civil and Environmental Engineering, Indian Institute of Technology Mandi, Mandi 175005, India
Formerly, Agricultural and Biological Engineering Department, University of Illinois at Urbana-Champaign,
Urbana, IL 61801, USA

Agricultural and Biological Engineering Department, University of Illinois at Urbana-Champaign,

Urbana, IL 61801, USA; pkalita@illinois.edu (P.K.K.); pdavidso@illinois.edu (P.C.D.)

Civil and Environmental Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA;
kumarl@illinois.edu

5 Borlaug Institute for South Asia (BISA), CIMMYT, Pusa, Samastipur 848125, India; rjat@cgiar.org

*  Correspondence: ranjeet@iitmandi.ac.in

Abstract: Various methodologies are used to estimate the impact of changing climatic factors, such
as precipitation, temperature, and solar radiation, on crop production and water demand. In this
study, the changes in rice yield, water demand, and crop phenology were estimated with varying
CO; concentration and an ensemble of general circulation models (GCMs), using a decision support
system for agrotechnology transfer (DSSAT), a crop growth model. The measured CO, concentration
of 400 ppm from the Keeling curve, was used as the default CO, concentration to estimate yield, water
demand, and phenology. These outputs, obtained with the default concentration, were compared
with the results from climate change scenarios’ concentrations. Further, the outputs corresponding to
the ensembled GCMs’ climate data were obtained, and the results were compared with the ensembled
crop model outputs simulated with each GCM. The yield was found to increase with the increase in
CO; concentration up to a certain threshold, whereas water demand and phenology were observed
to decrease with the increase in CO, concentration. The two approaches of the ensemble technique to
obtain final outputs from DSSAT results did not show a large difference in the predictions.

Keywords: crop production; climate change; CO, concentration; ensemble approach; water
demand; phenology

1. Introduction

Climate change is a global concern. The global average surface temperature is expected
to increase between 3 °C and 4 °C and atmospheric carbon dioxide is likely to increase
between 730 ppm and 1020 ppm by the end of the present century [1-3]. This change
in future climate from the current climatic condition will have a dynamic impact on rice
production around the world [4,5]. The impact associated with a rise in temperature, a
change in carbon dioxide level, and unpredictable variation in rainfall will be of major
economic and social importance for the regions where rice is the staple crop, affecting rice
growth, yield, and water requirements [6,7].

Rice is the staple food for the people of India, and is grown on around 43 million
hectares [8]. In India, Bihar contributes to the total rice production as the 6th largest rice
producing state [9]. The population of the state is increasing rapidly, with 88.7% of the total
population living in villages [10,11], and 80% of the population living in this state depends
on agriculture for their livelihood [12]. This provides the insight that the state is far away
from urbanization and the development of industries, and any significant change in carbon
dioxide concentration in the state of Bihar may be uncertain. Therefore, we investigated
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the impact of changes in carbon dioxide concentration on crop production in case such
changes become prominent during the next few decades in Bihar.

Various studies around the globe have assessed the combined climate change im-
pacts on crop production. Drewry et al. [13] found a reduction in transpiration by 7%
for soybean and negligible stimulation of photosynthesis for Maize, under elevated CO,
concentration. Devkota et al. [14], using the B1 and A1F1 climate change scenarios under
the fourth assessment report of the Intergovernmental Panel on Climate Change (IPCC),
suggested the increase in rice yield with increased temperature and CO, concentration.
They also found an adverse impact on the rice yield of short-duration varieties due to
climate change. Elevated CO, increases the yield and water productivity and reduces
the crop evapotranspiration by decreasing stomatal conductance (Vanuytrecht et al. [15]).
Adachi et al. [16] examined the effects of elevated CO; concentration by 200 pmol mol !
from the ambient concentration and increased soil and water temperatures by 2 °C on the
rice photosynthesis rate and growth stages; they revealed that elevated CO, concentra-
tion with increased temperature reduces the light-saturated leaf photosynthesis rate with
advancing rice growth stages. A sunlit growth chamber experiment on the rice variety
IR72 at various levels of CO, concentration by Kumar et al. [17] demonstrated an increase
in above-ground dry weight and water use efficiency with an increase in carbon dioxide
concentration. Figueiredo et al. [18] observed that an increase in temperature limits crop
yield. However, the combined effect of increased CO, concentration and temperature will
increase crop yield up to a certain extent.

Moreover, in order to estimate crop production and water demand using climate
models, several researchers have applied different methodologies. N'guessan et al. [19]
ensembled the GCMs for robustness in the outputs obtained through crop models. An
ensemble of seven GCMs was performed to project future precipitation and temperature,
and these data were used in the CROPWAT model to predict crop water and net irrigation
requirements (Agrawal et al. [20]). Martre et al. [21] compared the precision of outputs
from an ensemble of 27 wheat models to various subsets of these models to determine the
minimum ensemble size required for accurate results. In contrast, Rodriguez et al. [22]
utilized an ensemble of 17 crop models to develop adaptation strategies for rainfed wheat
in Lleida, NE Spain, under climate change conditions. From these studies, we observed that
comparisons between ensembles of climate models and ensembles of crop model outputs
corresponding to individual climate model data inputs have not been performed. Such
comparisons would provide critical insights into the efficacy of different approaches, aiding
in decision-making regarding the impacts of climate change on crop growth, production,
and water use.

Therefore, as we have already completed the published research using an ensemble
of crop model outputs run with individual GCMs (Jha et al. [23]), we performed this
study to predict the yield, phenology, and water demand using an ensemble of four GCMs
(bcc_csm1.1, csiro_mk3_6_0, ipsl_cm5a_mr, and miroc_miroc5) under the fifth phase of
the Coupled Model Intercomparison Project (CMIP5). The details of these GCMs we have
provided in our previous research article (Jha et al. [23]). Additionally, our research focused
on investigating the comparison of both methods to estimate the impact of climate change
on crop yield, water demand, and phenology.

Considering the discussions above, the objectives of this research were to: (i) investi-
gate the total changes in rice yield, water demand, and phenology obtained with Keeling
curve CO; concentrations and climate change scenario concentrations; and (ii) examine the
total changes in rice yield, water demand, and phenological days between two approaches:
crop growth model outputs obtained using ensembles of GCMs as input and ensembles
of outputs obtained from the crop growth model, DSSAT, corresponding to each GCM’s
climate data as input.

The results obtained with the ensemble of crop growth model outputs using each GCM
climate data as input in the model and outputs computed with varying CO, concentrations
from all four climate change scenarios—representative concentration pathways (RCP 2.6,
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RCP 4.5, RCP 6.0, and RCP 8.5)—of the IPCC 5th assessment report [24] have been published
in our previous article, Jha et al. [23].

2. Material and Methods
2.1. Study Area Description and Agricultural Dataset for Crop Modeling

The experimental site for this study was situated at the farm of the Borlaug Institute of
South Asia, Pusa, Bihar, India, between the latitude of 25°58’ N and longitude of 85°40" E.
The elevation of the study area is 52 m from mean sea level. It receives a mean annual
rainfall of 1297 mm, most of it falls in the monsoon season (June to September). The climate
of the region is hot and humid summers with cold winters. Since most of the state lies in
the Indo-Gangetic Plain, the soil type for the study area is alluvial sandy loam. Rice is the
staple food for the state; thus, farmers mainly cultivate this crop for their livelihood. In
order to cultivate this crop, they are totally dependent upon the monsoon rainfall.

The CERES-Rice model in DSSAT used in this study was calibrated and validated with
10 years (2006-2015) of long-term puddling-transplanted rice experiments at this site (Jha
etal. [11]).

2.2. Use of Climate Data for This Study

The details of climate data of the baseline period (1980-2004) and future years (2020—
2059) with all four climate change scenarios for this study have already been discussed in
Jha et al. [23,25].

2.3. DSSAT Simulation to Assess the Implication of CO, on Crop Production, Water Requirement,
and Phenology

The study reported in Jha et al. [23] was conducted with the changed CO, concentra-
tions for all four climate change scenarios of the IPCC 5th assessment report [24]. Thus,
it provided the outcomes incorporating the impact of changed CO, concentrations on
rice production. In this current research work, the CERES-Rice model under DSSAT was
simulated with a considered default value of 400 ppm of CO, for all four climate change
scenarios. The reason for selecting a default value of 400 ppm was based on the measured
value of CO; concentration by the Keeling curve for the present condition. The CERES-rice
model was simulated for the future climate (2020-2059) data with keeping the default value
of 400 ppm of CO; concentration for all four scenarios—RCP 2.6, RCP 4.5, RCP 6.0, and
RCP 8.5. In the model, the selection of a default value of CO, concentration of 400 ppm was
made by selecting the “Read from weather file” option under the “Simulation Options”.
Then, CO, concentration under the “Environmental modifications” option was also used as
400 ppm for every year from 2020 to 2059. However, simulation for the historical period of
1980-2004 was simulated with the same CO, concentration obtained from the Keeling curve
(Mauna Loa Observatory) [26]. The Keeling curve, monitored by Mauna Loa Observatory,
Hawaii, provides the actual CO; concentration and is also used by the DSSAT model for
crop modeling simulations with the recorded concentration. Other climatic factors, such
as precipitation, temperature, and solar radiation, were not changed and kept similar to
the obtained datasets corresponding to each of the GCMs. With the CO, concentration
study, as similar to our previous study, the ensemble mean of the outputs from CERES-rice
simulation corresponding to each of the four GCMs was used to dermine the average crop
growth, yield, and water requirement for future years. The impact of climate change on
rice yield, phenological days, and water demand were computed by using Equation (1),
also used in Jha et al. [19], for every 10 years of the interval from 2020 to 2059 relative to the
baseline period, as follows:

PCy, p w = ((FSV —BV)/(BV)) x 100 (1)

where PCypw - percent change in yield, water demand, and phenology;
FSV = future simulated value; BV = baseline value
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2.4. Estimation of Crop Yield, Water Demand, and Phenology from the Ensemble Climate Data

In our previous study [23], the CERES-Rice model was run using the input of climate
data of each GCM, and the outputs from the crop model obtained corresponding to each
GCM were ensembled. This procedure was followed for all four climate change scenarios
(RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5). However, in this study, the climate data of all
four GCMs were first ensembled before providing these climate data as input into the
CERES-Rice model. The simulation obtained from the CERES-rice model for yield, water
demand, and phenology was used as a prediction from this study. The steps followed for
this analysis are depicted in the flow chart in Figure 1. The flow chart of the estimation of
climate change impact on rice production, phenological days, and water demand with the
ensmble of crop model outputs’ simulated corresponding input climate data of each GCM
is already discussed in Jha et al. [23]. Furthermore, we investigated the difference between
both of the methods if followed for future agricultural modeling prediction.

Historical period (1980-2004) and
future years (2020 - 2059) climate
data obtained for all climate change
scenarios (RCP 2.6, RCP 4.5, RCP
6.0, and RCP 8.5) from four GCMs.

bcc_csm1_1 csiro_mk3_6_0 ipsl_cmba_mr miroc_miroc5

Change in rice yield
Ensemble mean of all
these four GCMs

Rice yield, water
demand, and
phenology estimation
for baseline period

Change in water
demand
Calibrated and validated
(2006-2015) CERES-
Rice model of DSSAT

Change in phenology

Rice yield, water
demand, and
phenology estimation
for future years

Figure 1. Flow chart of estimating the rice yield, water demand, and phenology from the ensemble
climate data of GCMs.
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3. Results
3.1. Assessment of Default CO, Concentration Impact on Rice Yield, Phenology, and
Water Demand

The yield, water demand, and phenology predictions with the changed values of CO,
concentrations have already been presented in the previous research article published by
Jha et al. [23] in connection with this research work. The obtained values of yield, water
demand, and phenological changes with a default value of CO, concentration of 400 ppm
are presented in the following sections.

3.1.1. RCP 2.6

The decrease in yield with RCP 2.6 during 20202029 with a CO; concentration of
400 ppm was found to be 5.32% from the baseline period (Figure 2a). Since the yield with
changed CO; concentration increased by 2.25% from the historical period (shown in Jha
et al. [23]), the total change in yield was estimated to be decreased by 7.57%.

In addition, a decrease in CO, concentration of 21 ppm (421-400) from the default
concentration during 2020-2029 was associated with an increase in water demand of 7.64%
(Figure 2b). Moreover, Figure 2c shows a decrease in total phenological days of 3.83 days
during 20202029 for RCP 2.6.

Figure 2a demonstrates that the rice yield during 2030-2039 for RCP 2.6 decreased
by 8.93%. During this period, the increase in precipitation was also less compared to
the previous decade, and CO, concentration decreased by 36 ppm. The decrease in rice
phenology by 4.74 days reduced the rice yield dramatically (Figure 2c). Since rice yield
decreased and the difference in a CO, reduction from the previous decade was also not
very large, this resulted in a decrease in water demand of 5.58% from the baseline period
(Figure 2b).

During 2040-2049 for RCP 2.6, rice yield and phenological days decreased by 14.20%
and 9.64 days, respectively (Figure 2a,c). The increase in water demand due to the total
decrease of 41 ppm in default CO, concentration from the changed concentration was
found to be 7.90% (Figure 2b).

(a) RCP 2.6
2020-2029 2030-2039 2040-2049 2050-2059
25
Change in yield with default CO: concentration
20 -

= Total change in yield obtained with default CO: concentration and climate change scenarios concentraion
15 A

10 A

-5.32
-8.93

-10 1

Percentage change (%)
=]

1420 15.45
-15 A e

220 4

-25

Years

Figure 2. Cont.
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(b) RCP 2.6
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® Panicle Initiation Days (Days) # Anthesis Days (Days) = Maturity Days (Days)

Figure 2. Impact of default CO; concentration on rice yield (a), water demand (b), and phenology
(c) for RCP 2.6.

The change in yield during the 2050s (2050-2059) for RCP 2.6 decreased by 15.45%
(Figure 2a). The decrease in CO, concentration during this period increased the water
demand by 7.82% (Figure 2b). Moreover, the decrease in CO, concentration, solar radiation,
and increase in temperature was accompanied by a decrease in panicle initiation, anthesis,
and maturity days by 1.21 days, 2.05 days, and 7.65 days, respectively (Figure 2c).

3.1.2. RCP 4.5

During 2020-2029, a decrease in default CO, concentration of 64 ppm reduced the
yield by 7.01% (Figure 3a). This decrease in CO, concentration and solar radiation and
increase in temperature caused the water demand to increase by 13.52%, with a total change

of 8% (Figure 3b). The total reduction of 4.29 days in rice phenology also caused the rice
yield to decrease.



Water 2024, 16, 1992

7 of 20

Figure 3a shows an increase in rice yield of 10.26% during 2030-2039 for RCP 4.5.
A decrease in precipitation compared to the previous decade, and a reduction in CO,
concentration and solar radiation caused more decrease in yield and an increase in water
demand of 13.90% (Figure 3b). Furthermore, the reduction in total phenological days was
found to be 6.19 days, where the decrease in panicle initiation, anthesis, and maturity days
were 0.39 days, 1.64 days, and 4.16 days, respectively.

The increase in rice yield was observed to be 9.31% during 2040-2049 for the inter-
mediate scenario, RCP 4.5 (Figure 3a). The water demand during this period increased by
15.01%, which showed that an increase in temperature, a decrease in CO, concentration,
and solar radiation played an essential role in this high demand (Figure 3b). Moreover,
panicle initiation, anthesis, and maturity days decreased by 1.19 days, 2.01 days, and
7.11 days, respectively (Figure 3c).

(a) RCP 4.5
2020-2029 2030-2039 2040-2049 2050-2059
25
20 = Change in yield with default CO: concentration
u Total change in yield obtained with default CO: concentration and climate change scenarios concentraion
15 A
— 10 A
<
% 5
=
<
S
s 0
S0
k]
E 5
3
10 -
-15 4
220 A
-25
Years
(b) RCP 4.5
u Water demand with default CO:
171 u Total change in water d d obtained with default CO: ration and climate change scenarios raion
$
=
12 A
K
g
I
=
-}
7 4
0
2 4
3
A~
3
-8
2020-2029 2030-2039 2040-2049 2050-2059
Years

Figure 3. Cont.
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(¢) RCP 4.5
Total change in days obtained with default CO: concentration and
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-1.92
9 4
-11 1 10.31 days
13 12.05 days
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u Panicle Initiation Days (Days) Anthesis Days (Days) Maturity Days (Days)

Figure 3. Impact of default CO, concentration on rice yield (a), water demand (b), and phenology
(c) for RCP 4.5.

Figure 3a shows a decrease in rice yield of 17.23% during the 2050s (2050-2059).
Therefore, a total decrease of 12.51% was observed during this period, with 400 ppm of
CO; concentration. Water demand also increased by 12.56% from the baseline period with
RCP 4.5 during the 2050s (Figure 3b). All the climatic factors, including a decrease in
CO; concentration, reduced the total phenological days by 12.05 days (Figure 3c), also
affected the rice growth phases and reduced the rice yield. It can be seen from Figure 3c
that the panicle initiation, anthesis, and maturity days decreased by 1.48 days, 2.65 days,
and 7.92 days, respectively, which affected rice growth stages severely.

3.1.3. RCP 6.0

The decrease in yield was estimated to be 9.86% during 2020-2029 (Figure 4a). The
decrease in the default value of CO; concentration of 56 ppm indicates the impact of
decreasing the rice yield and an increase in water demand of 11.98% (Figure 4b). The
reduction in yield of 16.46%, 17.73%, and 18.74% can be seen from the Figure 4a, during
2030-2039, 20402049, and 2050-2059, respectively, for RCP 6.0. Similarly, water demand
increased by 7.64% 5.58%, 6.69%, and 7.82%, during 2020-2029, 2030-2039, 2040-2049, and
2050-2059, respectively (Figure 4b). Moreover, Figure 4c demonstrates the decrease in
phenological days of 4.42 days, 6.30 days, 10.51 days, and 12.10 days during 2020-2029,
2030-2039, 2040-2049 and 2050-2059, respectively, for RCP 6.0.

3.1.4. RCP 8.5

Figure 5a exhibits a decrease in yield of 8.56% during 20202029, which was associated
with an increase in precipitation and a decrease in the default value of CO, concentration
from the changed value of 4.12% and 35 ppm, respectively. Furthermore, Figure 5b indicates
an increase in water demand of 10.15% during 2020-2029. Similarly, for this scenario,
panicle initiation, anthesis, and maturity days decreased by 0.18, 1.24, and 4.86 days,
respectively (Figure 5c).

During 2030-2039, rice yield decreased by 10.21% for RCP 8.5 (Figure 5a). Water
demand for this period was found to have increased by 13.43%, and total phenological
days decreased by 8.09 days.

Figure 5a illustrates a decrease in yield and increase in water demand of 14.10%
and 14.79%, respectively. This large reduction in yield and the high water demand were
caused by a decrease in CO, concentration, which dropped by 111 ppm from the changed
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value. Further, a combined effect—a decrease in CO, concentration, and a high increase in
maximum and minimum temperature with a decrease in solar radiation—decreased the
panicle initiation, anthesis, and maturity days by 1.26 days, 2.86 days, and 8.71 days, which
also affected the rice yield (Figure 5c).

The decrease in rice yield of 23% during 20502059 for RCP 8.5 indicates that the
decrease in CO; concentration of 167 ppm and high temperature caused a large reduction
in rice yield (Figure 5a). Water demand increased by 13.98% during this period (Figure 5b).
Further, total phenological days decreased by 14.55 days, where panicle initiation, anthesis,
and maturity days were reduced by 1.79 days, 3.10 days, and 9.66 days, respectively
(Figure 5c).

3.2. Change in Yield, Water Demand, and Phenological Days Obtained from CERES-Rice
Simulation Using Ensembled Climate Data of GCMs, and Comparison with Ensembled Crop Model
Outputs Obtained Corresponding to Each GCM

3.21.RCP 2.6

Figure 6a illustrates the change in rice yield with an ensemble of GCM simulation
as an input in the CERES-rice model. During 2020-2029, the yield increased by 2.01%
from the baseline period, which is 0.24% less than the yield obtained from the ensemble of
crop model outputs corresponding to each GCM simulation. Water demand increased by
3.59% from the historical period, resulting in a large difference with the ensemble of crop
model outputs of 1.49% (Figure 6b). Figure 6¢ corroborates the decrease in yield and water
demand by showing a decrease in total phenological days of 0.20 days.

Figure 6a demonstrates that the rice yield during 2030-2039 for RCP 2.6 decreased by
0.34%. The total difference in results between the two methods is 0.46%. The water demand
decreased by 1.47% from the baseline with the ensemble of GCMs (Figure 6b). The decrease
in rice phenology of 2.18 days also depicts a small change in obtained results between the
two methods (Figure 6¢).

During 2050-2059 (2050s), the rice yield decreased by 2.16% from the historical period
with an ensemble of GCMs (Figure 6a). The total change between the two methods of
obtaining outputs showed a difference of 0.78%. The decrease in yield reduced the water
demand in the same proportion by 0.16% (Figure 6b). Furthermore, the decrease in solar
radiation and increase in temperature caused a decrease in panicle initiation, anthesis, and
maturity days of 0.81 days, 0.95 days, and 2.51 days, respectively (Figure 6¢).

(a) RCP 6.0
2020-2029 2030-2039 2040-2049 2050-2059
25
20 - Change in yield with default CO: concentration

u Total change in yield obtained with default CO: concentration and climate change scenarios concentraion
15 A

10 -

Percentage change (%)
(=]

-9.86
-10 4

-15 - -16.46
-17.73 1874

220 4

-25

Years

Figure 4. Cont.
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(b) RCP 6.0

u Water demand with default CO:
17 A

= Total change in water d d obtained with default CO: ration and cli i scenarios traion

S

12 A

Percentage change in water demand (%)

2020-2029 2030-2039 Y 2040-2049 2050-2059
‘ears
(¢c) RCP 6.0
Total change in days obtained with default CO: concentration
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2020-2029 2030-2039 2040-2049 2050-2059 2020-2029 2030-2039 2040-2049 2050-2059
1
-0.01 -0.16
_1 — l
34
2.53 days
-5 { 442 days 4.07 days
71 6.30 days 6.43 days 6.07 days
9 4
-11 4 10.51 days
-13 A 12.10 days
-15
m Panicle Initiation Days (Days) = Anthesis Days (Days) = Maturity Days (Days)

Figure 4. Impact of default CO, concentration on rice yield (a), water demand (b), and phenology
(c) with the scenario RCP 6.0.

3.2.2. RCP 4.5

Figure 7a shows the increase in yield of 4.12% with an ensemble of GCMs during
2020-2029. This also led the water demand to be decreased by 4.29% from the baseline
period (Figure 7b). The difference in water demand between both methods was determined
to be 1.58%. The total decrease was estimated to be 1.58 days from the historical period.

The increase in rice yield was estimated to be 1.06% during 2030-2039 for RCP 4.5
(Figure 7a). The total decrease in yield from the ensemble of crop model outputs method
was computed to be 0.89%. The water demand increased by 2.10% during this period,
revealing a total difference of 0.73% from the ensemble results corresponding to individual
GCMs (Figure 7b). The total decrease of 2.34 days predicts a difference of 0.24 days between
the two methods of estimation.

Furthermore, Figure 7a also exhibits an increase in rice yield of 3.37% from the baseline
period during 2040-2049. The water demand was also found to have increased by 3.01%,
which is very close to the prediction with the ensembled crop model outputs method.
(Figure 7b).
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Figure 5. Impact of default CO; concentration on rice yield (a), water demand (b), and phenology

(c) with the scenario RCP 8.5.
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Figure 6. Climate change impacts on rice yield (a), water demand (b), and phenology (c) with the

scenario RCP 2.6 using an ensemble of GCMs simulation.
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Figure 7. Climate change impact on rice yield (a), water demand (b), and phenology (c) with the
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Figure 7a shows a decrease in rice yield of 3.19% during the 2050s (2050-2059). The
decrease in rice yield also led to a proportional reduction in water demand, which was
estimated to be decreased by 2.38%. (Figure 7b). High temperatures and low solar radi-
ation decreased the total phenological days by 5.04 days (Figure 7c), as can be seen from
Figure 7c, in which the panicle initiation, anthesis, and maturity days decreased by 1.12
days,

1.25 days, and 2.67 days, respectively.

3.2.3. RCP 6.0

An increase in yield of 1.89% can be seen in Figure 8a and Table 1 during 2020-2029.
The difference in yield between the two methods of estimation was found to be 0.38%. A
reduction in yield of 3.45%, 2.89%, and 3.76% is indicated from Figure 8a during 2030-2039,
2040-2049, and 2050-2059, respectively, for RCP 6.0. Similarly, water demand also increased
by 1.48% during 2020-2029, and a decrease in yield caused a reduction in water demand
of 1.47%, 0.84%, and 2.68%, during 2030-2039, 2040-2049, and 2050-2059, respectively
(Figure 8b). Further, Figure 8c illustrates a decrease in phenological days by 1.72 days,
2.78 days, 3.61 days, and 5.53 days during 2020-2029, 2030-2039, 20402049, and 2050-2059,
respectively, for RCP 6.0.

Table 1. Yield, water inputs (precipitation + irrigation water), and water demand, with baseline
period (1980-2004), and projected future climate change scenarios up to 2050s with RCP 2.6, RCP 4.5,
RCP 6.0, and RCP 8.5, with ensembled climate data of GCMs.

Climate Scenario Yield (kg ha—1) Precipitation (mm) Irrigation (mm) Water Demand (mm)
Baseline (1980-2004) 5372 729 282 476
2020-2029 5480 797 253 493
RCP 2.6 2030-2039 5354 763 259 469
’ 2040-2049 5239 730 247 473
2050-2059 5256 779 272 475
2020-2029 5593 865 240 496
RCP 4 2030-2039 5429 814 267 486
5 2040-2049 5553 869 239 490
2050-2059 5201 775 261 465
2020-2029 5474 800 265 483
RCP 6.0 2030-2039 5187 734 269 469
) 2040-2049 5217 809 266 472
2050-2059 5170 844 245 463
2020-2029 5499 759 271 483
RCP 8.5 2030-2039 5556 820 254 493
) 2040-2049 5439 774 262 480
2050-2059 5040 834 236 452

3.24. RCP 8.5

Figure 9a shows an increase in yield of 2.37%, 3.43%, and 1.24% from the baseline
period during 2020-2029, 2030-2039, and 2040-2049, respectively. The small changes
between the two methods of 0.50%, 0.19%, and 0.14% for the periods of 2020-2029, 2030-
2039, and 2040-2049, respectively, describe the increases in temperature that led to similar
results. The increase in water demand was found to be 1.47%, 3.57%, and 0.78% during
2020-2029, 2030-2039, and 2040-2049, respectively (Figure 9b). The decrease in water
demand for the 2050s was found to be 4.98%, and the difference between the two methods
was very small at 0.34%. Furthermore, the decrease in phenological days was estimated to
be 1.87 days, 2.52 days, 4.31 days, and 6.47 days, during 2020-2029, 2030-2039, 2040-2049,
and 2050-2059, respectively (Figure 9c).
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Figure 8. Climate change impacts on rice yield (a), water demand (b), and phenology (c) with the
scenario RCP 6.0 using an ensemble of GCMs simulation.
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Figure 9. Climate change impact on rice yield (a), water demand (b) and phenology (c) with the

scenario, RCP 8.5, using an ensemble of GCMs simulation.
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4. Discussion

This research emphasized that the changes in yield, water demand, and phenology are
highly correlated with CO, concentration, and altering this concentration will significantly
affect the outputs. A large variation in climatic factors provides evidence of variation in
yield for each decade. Although the CO; concentration has increased from the baseline
period, an increase in temperature and a decrease in solar radiation influenced the change
in yield (Figure 2a). Since the projection change in minimum temperature was found to be
higher compared to the maximum temperature from the baseline period, both together af-
fected the rice production. Despite a decrease in yield with all the climate change scenarios,
an increase in water demand was most likely due to a decrease in CO, concentration and
an increase in temperature [27,28]. The change in phenological days also showed that the
decrease in CO; concentration affected the phenological days as well [29-31]. The decrease
in yield during the 2050s shows that the reduction in CO; concentration caused a greater
decrease in yield because it was the primary contributor to increase the in rice production
in climate change conditions [32-34]. Therefore, with decreased CO; concentration, pheno-
logical days will also be reduced very significantly and will decrease the rice yield [35-37].
This large decrease in phenological days shows the adverse impact of the decrease in CO,
concentration and solar radiation, an increase in temperature on the plant growth days
(Figures 2c—6¢). However, all the phenomena provide a complex relationship and wide
impact of CO, concentration on rice yield, water demand, and phenology.

In addition to these results, an ensemble of GCMs as an input into the crop model
demonstrates that the average weather of ensemble GCMs smoothed out the climate
data and provided an average change in the yield, water demand, and phenology. The
total difference between the two ensemble approaches—an ensemble of GCMs and an
ensemble of crop model outputs run on the corresponding input of each GCM—was not
very large, but a considerable difference was found where climatic factors change abruptly.
This could be the rationale for there not being a greater difference when climatic factors
have a significant trend (Jha et al., 2021) [25]. Nevertheless, the comparison between the
two methods of obtaining results illustrated a decrease in outputs from baseline with the
ensemble of GCMs. The increase in water demand for all the decades up to 2050 shows that
higher temperatures from all the individual GCMs caused an increase in water demand.
The change in phenological days demonstrated that panicle initiation days decreased for all
the decades, and the difference in which the days between the two methods were maximum
increased to 0.69 days.

Hence, this study elucidated the intricate interplay of climatic factors, demonstrating
that fluctuations in, especially, CO, concentration influence rice yield, water demand, and
phenology to a significant degree. Moreover, to estimate the climate change impact using
climate and crop models, researchers need to study the climatic patterns and determine
whether an ensemble of GCMs would be input into the model or whether an ensemble of
crop model outputs corresponding to each GCM need to be considered for the final output
for any decision-making strategies.

5. Conclusions

Climate change is an essential phenomenon that needs to be considered for future
crop production. Various approaches are used to assess its impact, and understanding
the differences among these approaches may influence decision-making guidelines. In
this research, we have investigated the impact of changes in CO, concentration on rice
production, water demand, and crop phenology. In addition to that, we have also studied
the change in crop growth model outputs obtained using ensembled climate data of GCMs
as input into the CERES-Rice model, which were compared with the ensemble of crop
model outputs simulated with each individual GCM’s climate data.

The CERES-Rice model simulation with the default CO, concentration (400 ppm)
revealed a significant reduction in yield across all four climate change scenarios. During
2020-2029, the smallest decrease in yield of 5.32% was observed with RCP 2.6, while the
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largest decrease of 8.56% was estimated with RCP 8.5. The increase or decrease in yield was
also found to be influenced by changes in precipitation, temperature, and solar radiation.
By the 2050s, the decreases in yield ranged from 15.45% (RCP 2.6) to 22.91% (RCP 8.5).
Additionally, the increase in water demand was associated with rising temperature and
a decrease in CO; concentration from the changed CO, concentration. Furthermore, the
decrease in CO, concentration, along with other factors, such as precipitation, temperature,
and solar radiation, will reduce phenological days by a maximum of 14 days under RCP
8.5 during the 2050s.

The CERES-Rice model simulation using an ensemble of GCMs did not show very
large differences in rice yield, water demand, and phenology compared to simulations
using individual GCMs. However, yield and water demand were affected by variations in
precipitation and temperature changes. Despite the yield decreasing under the worst-case
scenario, water demand increased up to 2050 compared to the other ensemble approach.
The variation in water demand with this ensemble of GCMs moved up or down in the same
pattern as the values were changing with other methods. The total change in water demand
between these two methods differed by a maximum of 1.58% during 2020-2029 with RCP
4.5, suggesting that differences could increase with drastic climatic changes. Nevertheless,
the reduction in phenological days was relatively less compared to the simulation with
individual GCMs.

Our research showed that a decrease in CO, concentration will reduce yield and
phenological days while increasing water demand for rice production. Using an ensemble
of GCMs will not drastically change the outputs of the CERES-Rice model compared to
using individual GCMs. However, it will help to smooth out the variability and provide
more consistent results.

Author Contributions: This research was part of the doctoral thesis of R.K.]., which was supervised
by PKX.K. Conceptualization, R K.J. and PK.K.; methodology, R.K.J., PK.K. and PK; formal analysis,
R.KJ,; investigation, RKJ., PK.K. and PK.; resources, RK.J. and PK.K,; data curation, RK.J. and
R.J.; writing—original draft preparation, R.K.J.; writing—review and editing, RK.J., PK.K., PK.
and P.C.D,; visualization, R.K.J., PK.K., PK. and P.C.D.; supervision, PK.K.; project administration,
PK.K,; funding acquisition, PK.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was partly funded by the University of Illinois at Urbana-Champaign, and
USDA-NIFA.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Vuuren, D.; Meinshausen, M.; Plattner, G.-K.; Joos, F,; Strassmann, K.; Smith, S.; Wigley, T.; Raper, S.; Riahi, K.; de la Chesnaye, E;
et al. Temperature Increase of 21st Century Mitigation Scenarios. Proc. Natl. Acad. Sci. USA 2008, 105, 15258-15262. [CrossRef]
[PubMed]

Davis, W.J. The Relationship between Atmospheric Carbon Dioxide Concentration and Global Temperature for the Last
425 Million Years. Climate 2017, 5, 76. [CrossRef]

Friedlingstein, P.; O’Sullivan, M.; Jones, M.W.; Andrew, R.M.; Gregor, L.; Hauck, J.; Le Quéré, C.; Luijkx, L.T.; Olsen, A.; Peters,
G.P; et al. Global Carbon Budget 2022. Earth Syst. Sci. Data 2022, 14, 4811-4900. [CrossRef]

Mall, RK; Singh, R.; Gupta, A.; Srinivasan, G.; Rathore, L.S. Impact of Climate Change on Indian Agriculture: A Review. Clim.
Chang. 2006, 78, 445—478. [CrossRef]

Saud, S.; Wang, D.; Fahad, S.; Alharby, H.F.; Bamagoos, A.A.; Mjrashi, A.; Alabdallah, N.M.; AlZahrani, S.S.; AbdElgawad,
H.; Adnan, M,; et al. Comprehensive Impacts of Climate Change on Rice Production and Adaptive Strategies in China. Front.
Microbiol. 2022, 13, 926059. [CrossRef]

Raza, A.; Razzaq, A.; Mehmood, S.S.; Zou, X.; Zhang, X.; Lv, Y.; Xu, J. Impact of Climate Change on Crops Adaptation and
Strategies to Tackle Its Outcome: A Review. Plants 2019, 8, 34. [CrossRef]


https://doi.org/10.1073/pnas.0711129105
https://www.ncbi.nlm.nih.gov/pubmed/18838680
https://doi.org/10.3390/cli5040076
https://doi.org/10.5194/essd-14-4811-2022
https://doi.org/10.1007/s10584-005-9042-x
https://doi.org/10.3389/fmicb.2022.926059
https://doi.org/10.3390/plants8020034

Water 2024, 16, 1992 19 of 20

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

Rezvi, H.U.A; Tahjib-Ul-Arif, M.; Azim, M.A_; Tumpa, T.A.; Tipu, M.M.H.; Najnine, F; Dawood, M.FA; Skalicky, M.; Bresti¢, M.
Rice and Food Security: Climate Change Implications and the Future Prospects for Nutritional Security. Food Energy Secur. 2023,
12, €430. [CrossRef]

Pathak, D.S.; Pramanik, P.; Khanna, M.; Kumar, A. Climate Change and Water Availability in Indian Agriculture: Impacts and
Adaptation. Indian ]. Agric. Sci. 2014, 84, 671-679. [CrossRef]

Kumar, A.; Singh, RK.P,; Kumar, A.; Betne, R.; Singh, K.M. Adoption of Modern Rice Cultivation Practices in Bihar, India:
Micro-Level Evidences from Village-Level Studies. Agric. Res. 2016, 5, 433—439. [CrossRef]

Barbui, C. Access and Use of Psychotropic Medicines in Low-Resource Settings. Epidemiol. Psychiatr. Sci. 2015, 24, 206-209.
[CrossRef]

Jha, RK; Kalita, PK; Jat, R. Development of Production Management Strategies for a Long-Duration Rice Variety: Rajendra
Mahsuri—Using Crop Growth Model, DSSAT, for the State of Bihar, India. Paddy Water Environ. 2020, 18, 531-545. [CrossRef]
Salam, M.A.; Anwer, M.; Alam, M. Agriculture and The Economy of Bihar: An Analysis. Int. ]. Sci. Res. Publ. 2013, 3, 1-19.
Drewry, D.T.; Kumar, P.; Long, S.; Bernacchi, C.; Liang, X.Z.; Sivapalan, M. Ecohydrological responses of dense canopies to
environmental variability: 2. Role of acclimation under elevated CO,. J. Geophys. Res. Biogeosci. 2010, 115. [CrossRef]

Devkota, K.; Manschadi, A.M.; Devkota, M.; Lamers, J.; Ruzibaev, E.; Egamberdiev, O.; Amiri, E.; Vlek, P. Simulating the Impact
of Climate Change on Rice Phenology and Grain Yield in Irrigated Drylands of Central Asia. J. Appl. Meteorol. Climatol. 2013, 52,
2033-2050. [CrossRef]

Vanuytrecht, E.; Willems, P; Geerts, S. Quantifying Field-Scale Effects of Elevated Carbon Dioxide Concentration on Crops. Clim.
Res. 2012, 54, 35-47. [CrossRef]

Adachi, M.; Hasegawa, T.; Fukayama, H.; Tokida, T.; Sakai, H.; Matsunami, T.; Nakamura, H.; Sameshima, R.; Okada, M. Soil and
Water Warming Accelerates Phenology and Down-Regulation of Leaf Photosynthesis of Rice Plants Grown Under Free-Air CO,
Enrichment (FACE). Plant Cell Physiol. 2014, 55, 370-380. [CrossRef] [PubMed]

Kumar, U.; Quick, W.P,; Barrios, M.; Sta Cruz, P.C.; Dingkuhn, M. Atmospheric CO, Concentration Effects on Rice Water Use and
Biomass Production. PLoS ONE 2017, 12, e0169706. [CrossRef]

de Figueiredo, E.B.; Panosso, A.R.; Reicosky, D.C.; La Scala, N., Jr. Short-term CO,-C emissions from soil prior to sugarcane
(Saccharum spp.) replanting in southern Brazil. Gcb Bioenergy 2015, 7, 316-327. [CrossRef]

N’guessan, K.J.-Y.; Adahi, B.; Konan-Waidhet, A.-B.; Masayoshi, S.; Assidjo, N.E. Assessment of Climate Change Impact on Water
Requirement and Rice Productivity. Rice Sci. 2023, 30, 276-293. [CrossRef]

Agrawal, A.; Srivastava, PK,; Tripathi, VK.; Maurya, S.; Sharma, R.; D.J., S. Future Projections of Crop Water and Irrigation
Water Requirements Using a Bias-Corrected Regional Climate Model Coupled with CROPWAT. . Water Clim. Chang. 2023, 14,
1147-1161. [CrossRef]

Martre, P.; Wallach, D.; Asseng, S.; Ewert, F; Jones, ].; Rotter, R.P; Boote, K.; Ruane, A.; Thorburn, P.; Cammarano, D.; et al.
Multimodel Ensembles of Wheat Growth: Many Models Are Better than One. Glob. Chang. Biol. 2014, 21, 911-925. [CrossRef]
[PubMed]

Rodriguez, A.; Ruiz-Ramos, M.; Palosuo, T.; Carter, T.R.; Fronzek, S.; Lorite, L.].; Ferrise, R.; Pirttioja, N.; Bindi, M.; Baranowski,
P; et al. Implications of Crop Model Ensemble Size and Composition for Estimates of Adaptation Effects and Agreement of
Recommendations. Agric. For. Meteorol. 2019, 264, 351-362. [CrossRef] [PubMed]

Jha, R K; Kalita, PK.; Cooke, R.A.; Kumar, P.; Davidson, P.C.; Jat, R. Predicting the Water Requirement for Rice Production as
Affected by Projected Climate Change in Bihar, India. Water 2020, 12, 3312. [CrossRef]

Pachauri, R K.; Mayer, L.; Intergovernmental Panel on Climate Change (Eds.) Climate Change 2014: Synthesis Report; Intergovern-
mental Panel on Climate Change: Geneva, Switzerland, 2015.

Jha, RK,; Kalita, PK.; Cooke, R.A. Assessment of Climatic Parameters for Future Climate Change in a Major Agricultural State in
India. Climate 2021, 9, 111. [CrossRef]

Keeling, C. The Concentration and Isotopic Abundances of Carbon Dioxide in the Atmosphere. Tellus A 1960, 12, 9366. [CrossRef]
Woznicki, S.A.; Nejadhashemi, A.P.; Parsinejad, M. Climate Change and Irrigation Demand: Uncertainty and Adaptation. J.
Hydrol. Reg. Stud. 2015, 3, 247-264. [CrossRef]

Malhi, G.S.; Kaur, M.; Kaushik, P. Impact of Climate Change on Agriculture and Its Mitigation Strategies: A Review. Sustainability
2021, 13, 1318. [CrossRef]

Xu, Z.; Hu, T,; Zhang, Y.; Wang, K_; Xian, ]. Review on Responses of Plant Phenology to Simulated Elevated CO, Concentration
and Temperature. Chin. J. Appl. Environ. Biol. 2008, 14, 716-720. [CrossRef]

Padhan, B.K.; Sathee, L.; Meena, H.S.; Adavi, S.B.; Jha, S.K.; Chinnusamy, V. CO; Elevation Accelerates Phenology and Alters
Carbon/Nitrogen Metabolism Vis-a-Vis ROS Abundance in Bread Wheat. Front. Plant Sci. 2020, 11, 1061. [CrossRef]

Meier, M.; Vitasse, Y.; Bugmann, H.; Bigler, C. Phenological Shifts Induced by Climate Change Amplify Drought for Broad-Leaved
Trees at Low Elevations in Switzerland. Agric. For. Meteorol. 2021, 307, 108485. [CrossRef]

Aryal, ].P; Sapkota, T.B.; Khurana, R.; Khatri-Chhetri, A.; Rahut, D.B.; Jat, M.L. Climate Change and Agriculture in South Asia:
Adaptation Options in Smallholder Production Systems. Environ. Dev. Sustain. 2020, 22, 5045-5075. [CrossRef]

Qin, M.; Zheng, E.; Hou, D.; Meng, X.; Meng, F.; Gao, Y.; Chen, P; Qi, Z.; Xu, T. Response of Wheat, Maize, and Rice to Changes in
Temperature, Precipitation, CO, Concentration, and Uncertainty Based on Crop Simulation Approaches. Plants 2023, 12, 2709.
[CrossRef] [PubMed]


https://doi.org/10.1002/fes3.430
https://doi.org/10.56093/ijas.v84i6.41421
https://doi.org/10.1007/s40003-016-0234-6
https://doi.org/10.1017/S2045796015000268
https://doi.org/10.1007/s10333-020-00799-3
https://doi.org/10.1029/2010JG001341
https://doi.org/10.1175/JAMC-D-12-0182.1
https://doi.org/10.3354/cr01096
https://doi.org/10.1093/pcp/pcu005
https://www.ncbi.nlm.nih.gov/pubmed/24406632
https://doi.org/10.1371/journal.pone.0169706
https://doi.org/10.1111/gcbb.12151
https://doi.org/10.1016/j.rsci.2023.03.010
https://doi.org/10.2166/wcc.2023.349
https://doi.org/10.1111/gcb.12768
https://www.ncbi.nlm.nih.gov/pubmed/25330243
https://doi.org/10.1016/j.agrformet.2018.09.018
https://www.ncbi.nlm.nih.gov/pubmed/31007324
https://doi.org/10.3390/w12123312
https://doi.org/10.3390/cli9070111
https://doi.org/10.3402/tellusa.v12i2.9366
https://doi.org/10.1016/j.ejrh.2014.12.003
https://doi.org/10.3390/su13031318
https://doi.org/10.3724/SP.J.1145.2008.00716
https://doi.org/10.3389/fpls.2020.01061
https://doi.org/10.1016/j.agrformet.2021.108485
https://doi.org/10.1007/s10668-019-00414-4
https://doi.org/10.3390/plants12142709
https://www.ncbi.nlm.nih.gov/pubmed/37514323

Water 2024, 16, 1992 20 of 20

34.

35.

36.

37.

Singh, J.; Sahany, S.; Singh, K.K.; Robock, A.; Xia, L. Future Climate Change Impacts on Rice in Uttar Pradesh, India’s Most
Populous Agrarian State. Earths Future 2024, 12, e2023EF004009. [CrossRef]

Shimono, H.; Okada, M.; Yamakawa, Y.; Nakamura, H.; Kobayashi, K.; Hasegawa, T. Rice Yield Enhancement by Elevated CO; Is
Reduced in Cool Weather. Glob. Chang. Biol. 2008, 14, 276-284. [CrossRef]

Liu, S.; Waqas, M.A.; Wang, S.; Xiong, X.; Wan, Y. Effects of Increased Levels of Atmospheric CO, and High Temperatures on Rice
Growth and Quality. PLoS ONE 2017, 12, e0187724. [CrossRef]

Bahuguna, R.N.; Chaturvedi, A.K,; Pal, M.; Viswanathan, C.; Jagadish, S.V.K.; Pareek, A. Carbon Dioxide Responsiveness
Mitigates Rice Yield Loss under High Night Temperature. Plant Physiol. 2021, 188, 285-300. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1029/2023EF004009
https://doi.org/10.1111/j.1365-2486.2007.01498.x
https://doi.org/10.1371/journal.pone.0187724
https://doi.org/10.1093/plphys/kiab470

	Introduction 
	Material and Methods 
	Study Area Description and Agricultural Dataset for Crop Modeling 
	Use of Climate Data for This Study 
	DSSAT Simulation to Assess the Implication of CO2 on Crop Production, Water Requirement, and Phenology 
	Estimation of Crop Yield, Water Demand, and Phenology from the Ensemble Climate Data 

	Results 
	Assessment of Default CO2 Concentration Impact on Rice Yield, Phenology, andWater Demand 
	RCP 2.6 
	RCP 4.5 
	RCP 6.0 
	RCP 8.5 

	Change in Yield, Water Demand, and Phenological Days Obtained from CERES-Rice Simulation Using Ensembled Climate Data of GCMs, and Comparison with Ensembled Crop Model Outputs Obtained Corresponding to Each GCM 
	RCP 2.6 
	RCP 4.5 
	RCP 6.0 
	RCP 8.5 


	Discussion 
	Conclusions 
	References

