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Introduction

Climate change means any specific change in the long-term average weather state that occurs for a
given location or for the entire globe (Goudarzi and Koupaei, 2020). Climate change is one of the
most critical factors threatening food security, and it is expected to make food and nutrition security
more challenging in the future (Carpena et al., 2019). It will affect the agricultural sector by changing
the irrigation water requirements, crop yield, and water productivity (Boonwichai et al., 2018; Liu et
al., 2019). Rice is the third most important crop in the world, following wheat and maize (Kapela et
al.,, 2020). The occurrence of water shortages and droughts have raised concerns about the
sustainability of rice production, including the main rice cultivation production region of Mazandaran
in Iran (Yosefian 2018). Most studies have reported that rice production will decrease in the future
due to a projected increase in temperature and a projected decrease in precipitation (Basak et al.
2010; Boonwichai et al. 2018; Nasir et al. 2020; Nicolas et al. 2020). Although many farmers,
particularly in Iran, feel that permanent flooding conditions for rice farming are inevitable, climate
change forces the use of water-saving technologies to ensure the long-term viability of irrigated rice
production in paddy fields (Yosefian 2018; Mirfenderski 2022). Accordingly, it is necessary to find
new methods for rice cultivation that reduce water use and make optimal use of the available water
for irrigation while maintaining yield under climate change. The goal of this study was to examine
the water requirement, water productivity, and risk of rice yield for different irrigation levels under
various climate change scenarios using a crop simulation model.

Methodology
Experimental site, rice crop, and irrigation treatments

A two-year experiment was conducted from May to August 2015 and 2016 at the Iranian Rice
Research Institute (36° 28' N, 52° 27' E; 29.8 m above sea level) in Amol, a city in the Mazandaran
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province in northern Iran. Experimental data were collected for the rice cultivar Hashemi, which is
one of the local cultivars and has the largest area under cultivation in the region during the past few
years (Yosefian 2018). Seven irrigation treatments were arranged in the randomized complete block
design and were replicated three times. The irrigation treatments included permanent flooding as a
control treatment (FI), Partial Root Drying irrigation at a matric potential of -10 kPa (PRD10),
Regulated Deficit Irrigation at a matric potential of -10 kPa (RDI10), Partial Root Drying irrigation
at a matric potential of -30 kPa (PRD30), Regulated Deficit Irrigation at a matric potential of -30 kPa
(RDI30), Partial Root Drying irrigation at a matric potential of -60 kPa (PRD60) and Regulated
Deficit Irrigation at a matric potential of -60 kPa (RDI160) (Yosefian 2018).

Meteorological data

Long-term historical daily weather data from 1984 to 2005, including minimum and maximum
temperature, total precipitation, and sunshine hours for the Gharakheil agrometeorological station
(36° 27" N, 52° 46' E) located at a distance of 27 km from the experimental field were obtained from
the Iran Meteorological Organization.

Generation of climate change scenarios

The historical dataset from 1984 to 2005 of the Gharakheil agrometeorological station was used
as the baseline data for evaluating the Second-Generation Canadian Center for Climate Modelling
and Analysis Earth System Model (CanESM2) General Circulation Model (GCM). The early-21%
century (2026-2047) climate variables under three emission scenarios (RCP 2.6, RCP4.5, and
RCP8.5) (Taylor et al., 2009; Moss et al., 2010) were created using CanESM2 based on the baseline
daily weather variables. The Statistical Down Scaling Model (SDSM version 4.2.9) was used to
downscale the weather variables for the local study area. According to Wilby (1999), SDSM captures
the inter-annual variability better than other statistical downscaling approaches, such as weather
generators. Ahmadi and Ghermezcheshmeh (2020) reported good performance of the SDSM for
climate change studies conducted for some stations in the Mazandaran province in northern Iran.

Calibration and evaluation of CSM-CERES-Rice

The Cropping System Model (CSM)-CERES-Rice of the Decision Support System for
Agrotechnology Transfer (DSSAT; www.DSSAT.net) predicts rice growth and development, and
final yield and yield components on a uniform land area (Jones et al. 2003; Hoogenboom et al.
20193, b). The model requires four sets of input data, including (1) daily weather data, i.e., maximum
and minimum temperature, total precipitation, total solar radiation; (2) soil surface and profile data,
i.e., soil texture, organic matter, total nitrogen, and various others; (3) crop management data,
including planting date and plant spacing, irrigation application amounts and dates, fertilizer
application amounts, dates, and types, (4) and cultivar coefficients (Hoogenboom et al., 2012).
Model calibration was performed by adjusting the cultivar coefficients to reduce the differences
between simulated and observed values for the main growth and development stages using the
Genotype Coefficient Calculator, GENCALC software embedded in the DSSAT v.4.7.5 software
(Hunt et al. 1993). The experimental data from 2015 were used for model calibration, while the data
from 2016 were used for independent model evaluation.

Crop Water Requirement (CWR) and Crop Water Productivity (CWP)

This study assumed that crop management, land use, and soil characteristics would remain the
same for the near future. Rice yield and crop water requirement from CSM-CERES-Rice were used
to estimate crop water productivity under different irrigation levels which is calculated by:

- )
CWP = —
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Where Y is the rice yield (kg. ha), ET¢ is the total amount of seasonal evapotranspiration (mm)
(Boonwichai et al., 2018).

Risk assessment

To estimate the risk of rice yield, the simulated historical yield for each year from 1984 to 2005
under different irrigation treatments and also the simulated future yield under different RCPs for each
year from 2026-2047 under different irrigation treatments were compared with a critical threshold,
calculated as the average yield for 22 years for the baseline period from 1984 to 2005. The risk of
rice yield was then defined as the percent of yield below the threshold, representing future yield
relative to the historical average yield (Liu et al., 2019). The risk of yield is estimated as follows:

R=—?=1Mix100%, Mi={1' =Y 2

n 0Y,>Y
R: risk of yield, M;. determination factors of yield, Y: yield (kg. ha™), Y: 22-year average yield for
the baseline period (1984-2005) (kg. ha™)

Results and Discussion
Crop water requirement and crop water productivity under climate change

The simulated crop water requirement is projected to decrease for all irrigation treatments except
under the RCP8.5 climate scenario Figure (1), which can be due to the nature of the mentioned
climate scenario, which is a pessimistic scenario. The results suggest that the average crop water
productivity will decrease between -1.17% and -4.4% for all RCP climate scenarios compared to the
baseline period (Figure 1). This can be due to the decrease in the length of the growth period
simulated using CSM-CERES-Rice, which will also influence the crop water productivity. However,
the highest amount of crop water productivity was related to the full irrigation treatment (FI) due to
the higher soil moisture than the deficit irrigation treatments (RDI and PRD), obtained between 1.02
and 1.05 kg.m™. Boonwichai et al. (2018) showed that the future crop water productivity for rice is
expected to decrease due to an increase in temperature and crop water use.

Change in Crop Water Requirenment (CWR) (%) Change in Crop Water Productivity (CWP) (%)
FI FI
PRDG60 PRD60
RDI160 RDI60
PRD30 PRD30
RDI30 RDI30
PRD10 PRD10
RDI10 RDI10
-1 -0.5 0 05 1 -6 4 2 0
w:RCP8.5 BRCP4.5 BRCP2.6 Z3RCP8.5 MERCP4.5 MRCP2.6

Fig. 1- Change in Crop Water Requirement (CWR) and Crop Water Productivity (CWP) for Hashemi
rice cultivar for different irrigation treatments [(Regulated Deficit Irrigation at -10, -30, -60 kPa (RDI10,
RDI30, RDI160), (Partial Root Drying at -10, -30, -60 kPa (PRD10, PRD30, PRD60)] and for different
Representative Concentration Pathways (RCP2.6, RCP4.5, RCP8.5) compared to the baseline period
(1984-2005)
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Crop risk yield under climate change

The simulation results for risk assessment of rice yield indicate that the rice yield risk will
increase for all RCP climate scenarios compared to the baseline period. For the full irrigation
treatment (F1), the risk will increase by only 4.5% compared to the baseline period. In contrast, for all
deficit irrigation treatments, the yield risk will increase between 9 and 22.7 % due to the increase in
drought stress (Figure 2).
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Fig. 2- Rice yield risk for different irrigation treatments [Regulated Deficit Irrigation at -10, -30, -60 kPa
(RDI10, RDI30, RDI60), Partial Root Drying at -10, -30, -60 kPa (PRD10, PRD30, PRD60)] and for
different Representative Concentration Pathways (RCP2.6, RCP4.5, RCP8.5) compared to the baseline
period (Baseline)

Conclusions

The simulation results show that the risk of rice yield for all climate scenarios is higher for the
deficit irrigation compared to the full irrigation scenarios. An increase in the rice yield risk results in
a decrease in the water productivity of the crop in the near future. The results of this study indicate
that if the management methods remain the same in this region, in the near future, the yield for the
Hashemi cultivar will decrease. It will, therefore, be necessary to develop new irrigation management
strategies and cultivars that are more resistant to drought stress to adaptto climate change.
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Table 1- GCM feature to project the future climate in this study

General Representative Concentration Resolution
Circulation Pathway (RCP) (latitude x longitude) Modeling center Reference
Model (GCM) y Y
RCP 2.6 . Canadian Center for Chylek et al
CanESM2 RCP 4.5 2.79 x 2.81° Climate Modelling and (2011) '
RCP 8.5 Analysis (CCCma)
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Table 2- Summary of selected predictor variables and their respective predictands for the
Gharakheil agrometeorological station

Predictand Predictor-variables Partial Partial p-value
r-value
Maximum temperature Air temperature at 2 m (tempgl) 0.33 0
Minimum temperature 500 hpa Geopotential (p500g]) 0.78 0
Precipitation 1000 hpa Relative velocity of wind (p1-zgl) 0.07 0.01

b9 iy 090 b SDSM & hes -1 v
Table 3- SDSM model performance during the calibration and evaluation period

NRMSE PBIAS

Period Predictands %) %)
Maximum temperature 1.36 1.11

Calibration (1984-1999) Minimum temperature 1.97 1.52
Precipitation 12.26 9.11

Maximum temperature 151 1.18

Evaluation (2000-2005)  Minimum temperature 1.90 1.58

Precipitation 8.17 6.21
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Table 4- Change in maximum and minimum temperatures under RCPs for Gharakheil
agrometeorological station

Baseline (1984-2005) "RCP2.6 "RCP4.5 “RCP8.5
Maximum Temperature (°C) 21.18 21.52 21.58 21.61
Change (%) " - +0.34 +0.4 +0.43
Minimum Temperature (°C) 12.35 12.75 12.76 12.79
Change (%) " - +0.4 +0.41 +0.44

*RCP scenarios are projections for 2026-2047.

“ Changes are provided relative to the baseline from 1984-2005.

18 (6399Las” il olius! (51 9 RCP (Sl sbus 33 b3l O i —0 J9uie>
Table 5- Change in rainfall under RCPs for Gharakheil agrometeorological station

Baseline (1984-2005) "RCP2.6 *RCP4.5 *RCP8.5
Precipitation (mm) 656.43 619.96 607.35 663.49
Change (%) " - -5.55 -7.47 +1.07

*RCP scenarios are projections for 2026-2047

* Changes are provided relative to the baseline from 1984-2005.
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Fig. 1- Baseline from 1984 to 2005 and projected monthly climate for Maximum temperature (a)
Minimum temperature (b) precipitation (c) for the RCP2.6, RCP4.5 and RCP8.5 scenarios for the
period from 2026 to 2047
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Table 6- Genetic coefficients for the rice cultivar Hashemi

Genetic - Range of  Calibrated
L Description

coefficient values values

P1 Basic vegetative phase of the plant 100-880 100
P2R Photoperiod sensitivity in panicle initiation 5-300 36.20
P5 Grain filling duration 150-850 695.00
P20 rCartletlcal photoperiod of development occurring at a maximum 10-13 12,50
Gl Potential spikelet number coefficient 37-77.8 77.80

G2 Single grain weight
G3 Tillering coefficient
G4 Temperature tolerant coefficient

0.01-0.03 0.03
0.53-1.30 1.16
0.7-1.25 1.00
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Table 7- Calibration and Evaluation goodness of fit indicators of CERES-Rice model for the cultivar

(Hashemi)
NRMSE
Period Year (%) d (%) PBAIS (%)
Sim. 46 L
Anthesis (day) Obs. 49 Calibration 2015 6.50 6.50 6.52
Sim. 43 .
Obs. 51 Evaluation 2016 18.60 18.60 18.60
Sim. 95 W
Physiological Obs. 95 Calibration 2015 0 0 0
maturity (day) .
Sim. 92 .
Obs. 97 Evaluation 2016 5.40 3.20 5.43
Sim. 371 Calibration 2015 17.30 -16.80 16.80
. Obs. 3.14
Yield (ton/ha) sim 3.76
Obs. 284 Evaluation 2016 25.90 -24.40 24.00
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Fig. 2- Change in Crop Water Requirement (CWR) and Crop Water Productivity (CWP) for
Hashemi rice cultivar for different irrigation treatments [(Regulated Deficit Irrigation at -10, -30, -60
kPa (RDI10, RDI30, RDI60), (Partial Root Drying at -10, -30, -60 kPa (PRD10, PRD30, PRD60)] and

for different Representative Concentration Pathways (RCP2.6, RCP4.5, RCP8.5) compared to the
baseline period (1984-2005)
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Fig. 3- Change in yield for different irrigation treatments [(Regulated Deficit Irrigation at -10, -30, -

60 kPa (RDI110, RDI30, RDI160), (Partial Root Drying at -10, -30, -60 kPa (PRD10, PRD30, PRD60)]

and for different Representative Concentration Pathways (RCP2.6, RCP4.5, RCP8.5) compared to
the baseline period (1984-2005)
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Fig. 4- Rice yield risk tor ditterent irrigation treatments |Regulated Deficit Irrigation at -10, -30, -60
kPa (RDI10, RDI30, RDI160), Partial Root Drying at -10, -30, -60 kPa (PRD10, PRD30, PRD60)] and
for different Representative Concentration Pathways (RCP2.6, RCP4.5, RCP8.5) compared to the

baseline period (Baseline)
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Fig. 5- Cumulative Distribution Function (CDF) of grain yield difference compared to the average

value of the baseline for [Regulated Deficit Irrigation at -10, -30, -60 kPa (RDI110, RD130, RDI60),

Partial Root Drying at -10, -30, -60 kPa (PRD10, PRD30, PRD60)] and for different Representative
Concentration Pathways (RCP2.6, RCP4.5, RCP8.5
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