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Assessment of rice yield gap under a changing climate

in India
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ABSTRACT

Climate change evokes future food security concerns and needs for sustainable intensification of
agriculture. The explicit knowledge about crop yield gap at country level may help in identifying
management strategies for sustainable agricultural production to meet future food demand. In this
study, we assessed the rice yield gap under projected climate change scenario in India at 0.25° x
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model. The simulated spatial yield results show that mean actual yield under rainfed conditions (Y)

will reduce from 2.13 t/ha in historical period 1981-2005 to 1.67 t/ha during the 2030s (2016-2040)
and 2040s (2026-2050), respectively, under the RCP 8.5 scenario. On the other hand, mean rainfed
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yield gap shows no change (~1.49 t/ha) in the future. Temporal analysis of yield indicates that Y is Odisha,
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expected to decrease in the considerably large portion of the study area (30-60%) under expected

future climate conditions. As a result, yield gap is expected to either stagnate or increase in 50.6 and
48.7% of the study area during the two future periods, respectively. The research outcome indicates
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the need for identifying plausible best management strategies to reduce the yield gap under USA

expected future climate conditions for sustainable rice production in India.
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HIGHLIGHTS

® The study assessed rice yield gap in India by using the DSSAT model.

Mean rainfed yield gap of 1.49 t/ha is expected in future.

INTRODUCTION

Crop production and food security are the two major con-
cerns as inherent climatic variations and ever-increasing
food demand are expected to affect the global community
in an adverse manner (Bodirsky et al. 2015). Food demand
is expected to increase by 60% to feed the growing global
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Equidistant quantile mapping technique is used for bias correction of RCM outputs.
Rice yield is expected to decrease in 30-60% of the study area in future.

The RegCM4 model performed well to simulate rice yield than other models.

population by 2050 (Alexandratos & Bruinsma 2012).
About 770 million people, or close to 10% of the world
population, were exposed to severe food insecurity in 2017
(Ten Berge et al. 2019). In India, approximately 350 million
people are undernourished (Sridhar 2008) and nearly 47
million children are chronically undernourished (United
Nations - India 2020). With these assessments, the Govern-
ment of India introduced the National Food Security Act in
2013, to provide subsidized food grains to approximately
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two-thirds of the country’s population, which demands 33.6
million tonnes of rice per year for its public food distribution
system (Debnath ef al. 2018a). Rice, one of the major crops in
India, is grown in approximately 40-43% of the food grain
cropped area (Bhambure & Kerkar 2016) in which 52% of
the total rice planting area is under rainfed conditions
(Das & Baruah 2008). The rainfed agriculture of India is
one of the most vulnerable sectors to climate change due
to limited availability of land and water resources. There-
fore, the food security scenario of India may worsen if
climatic change has a negative impact on the rice yield.
An extensive review of previous studies (Nagarajan ef al.
2010; Mishra et al. 2013; Shrestha et al. 2014; Kang & Sridhar
2017; Shrestha & Shrestha 2017; Singh et al. 2017; Arunrat
et al. 2018; Kang & Sridhar 2018; Kang et al. 2019) indicates
that climate changes, i.e. changes in seasonal temperature
and rainfall, are likely to cause drought leading to a signifi-
cant decrease in world food production, especially in
developing countries. Bhattacharya & Panda (2013) ana-
lyzed the effect of climate change on rice yield by using an
AquaCrop model at Kharagpur, India. The climate of the
study area was classified as sub-humid, subtropical. The
study reported that the yield will decrease with increases
in average monthly temperature due to heat stress, and
increase with increases in average monthly rainfall in the
subtropical region. Mishra et al. (2013) studied the spatial
variability of climate change impacts on rice yield using
regional climate models (RCMs) and reported a significant
gap between the actual (i.e. estimated from field obser-
vations) and potential yield (i.e. yield of a cultivar or
hybrid when grown under favourable conditions without
growth limitation from water, nutrients, pests or diseases
(Lobell et al. 2009)) because of cyclic stress and changes in
the management inputs. They also suggested that uncer-
tainty issues in future climate change impact studies
should be addressed by using outputs from more number
of RCMs. Srivastava et al. (2017) investigated the impact of
climatic variables on the yield gap and found that spatial
and temporal variability in the yield gap was positively cor-
related with solar radiation. Samiappan et al. (2018) studied
the impact of projected climate changes on the northeast
monsoon on rice yield during rabi season (September-
December) in Tamil Nadu, India. They estimated an
increased rice yield of 10-12 and 5-33% during 2021-
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2050 and 2081-2100, respectively in response to an increase
in projected monsoon rainfall and surface temperature.

To meet the increasing food demand of an ever-growing
population, a 2-2.5% increase of rice yield per annum until
2020 is required to meet future food security (Singh ef al.
2017). In the past, a few studies (Foley et al. 2011; Smith
2013) have been devoted to address the issue of yield
improvement and suggested ‘close the yield gap’ as one of
the promising options (van Ittersum ef al. 2013), which is
the difference between water limited potential yield (Yy,)
(van Ittersum ef al. 2013) and actual yield under rainfed con-
ditions (Y,). Yield gap analysis can provide a basis for
identifying the best management strategies to improve the
rainfed rice yield by reducing the gap from the potential
yield. In recent years, a number of studies (Boling et al.
201; Foley et al. 2o11; Mueller et al. 2012; Alam et al. 2013;
Espe et al. 2016; Stuart et al. 2016) highlighted the possibili-
ties of increasing rice yields in many areas across the
world by reducing the yield gap in rice-based farming sys-
tems. Licker et al. (2010) studied the global pattern of rice
yield gap and highlighted that approximately 40% more
rice yield could be obtained if the top 95% of the crops’ har-
vested areas met their current climatic potential. Mueller
et al. (2012) found that a large production increase (45-
70% for most crops) could be possible by closing the yield
gap to 100% of attainable yield. Debnath et al. (2018b) quan-
tified the yield gap of a rice cropping system by using a
decision support system for an agrotechnology transfer
(DSSAT) model and found that an attainable average yield
gap of 0.33 t/ha in rainfed conditions existed in the agricul-
tural lands of the Lower Gangetic Plains in India.

It is seen that most of the yield gap studies are confined
to management aspects such as different levels of nitrogen
(N) treatments (Boling et al. 2011; Nhamo ef al. 2014), combi-
nation of best management practices along with N
management options in the farmers’ crop management prac-
tices (Alam et al. 2013), different date of transplanting
(Debnath et al. 2018b), and different water management
strategies (Mueller et al. 2012; Debnath et al. 2018b). Only a
few studies (Licker et al. 2010; Mishra et al. 2013) have dis-
cussed the impacts of climate change on the
inconsistencies in rice yield gap assessments. Licker et al.
(2o10) presented spatial datasets of both the potential
yields and yield gap patterns for 18 crops around the year
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2000. The study highlighted the regions where yields may
potentially be raised. Mishra et al. (2013) examined the
impact of climate change on rice yield at three different
locations in the Indian Ganga Basin. The study found a sig-
nificant gap between the actual and potential yield which
may be attributed to the cyclic stress and changes in the
management inputs.

On the other hand, previous studies on the effect of cli-
matic variations on rice yield gap in India are mostly
concentrated on location-specific applications (Aggarwal
et al. 2008; Singh et al. 2016). However, these location-
specific data about certain weather variables and distributed
soil properties are unable to reproduce the crop yield gap
characteristics due to uncertainties in representing the loca-
lized conditions on a regional scale. Hence, implementation
of spatially distributed fine resolution weather and soil infor-
mation may result in improved accuracies in regional crop
yield gap assessment. Therefore, the variation in yield gaps
caused by climate change is not well understood because
of very limited study. An analysis of the impact of climate
change on the rice yield gap at a large number of spatially
distributed locations in India is crucial to understand the

magnitudes and causes of yield gaps of rice cropping sys-
tems and to formulate plans and policies for adapting the
agricultural system against the changing climate.

In the present study, therefore, we assessed rice yield
gap under a projected climate change scenario in major
rice-growing states in India at 0.25 x 0.25° spatial resolution
with diversity in climate and soils. The objectives of the
study are: (i) to analyze temporal and spatial variability of
rice yield gap under historical (1981-2005) and future cli-
matic conditions (2030s (2016-2040) and 2040s (2026-
2050)); and (ii) to compare the performances of different
RCMs on rice yield gap assessment in India.

MATERIALS AND METHODS
Study area

Though rice is grown in India throughout the country,
except for the arid eastern parts, 17 major rice-growing
states were selected as the study area (Figure 1), based on
average annual rice production. The average observed rice
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Figure 1 | Index map of the study area showing the selected rice-growing states and soil types.
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yield for the study area varies from 1.42 (Madhya Pradesh)
to 3.87 t/ha (Punjab) with an average yield of 2.43 t/ha
(Table 1). Depending upon variation in landscape and cli-
mate in the rice-growing regions of India, a large number
of unique paddy cultivation methods are being practiced
based on farming type (irrigated, rainfed and deepwater),
crop management (single crop and multi-crop), and seasons
(kharif and rabi). Kharif rice accounts for over 85% of the
total rice production in the country.

Data collection

Climate data

The required daily observed weather data (maximum and
minimum temperature (Thax and Tn) at 1x 1° resolution
and rainfall at 0.25x0.25° resolution) for the period of
1981-2015 were collected from the India Meteorological
Department (IMD). Daily solar radiation (R;) data were

Table 1 | Average observed kharif season rice yield of major rice growing states of India
during 2010-2015 (source: Ministry of Agriculture and Farmers Welfare, Govern-
ment of India, www.indiastat.com)

Average Maximum Minimum
State yield (t/ha) yield (t/ha) yield (t/ha)
Andhra Pradesh (AP) 2.56 3.04 221
Assam (AS) 1.84 1.92 1.69
Bihar (BR) 1.83 227 1.06
Chhattisgarh (CH) 1.74 1.94 1.60
Haryana (HR) 3.09 3.27 2.79
Jharkhand (JH) 3.09 3.27 2.79
Karnataka (KT) 2.62 2.72 2.55
Kerala (KR) 2.54 2.72 2.38
Madhya Pradesh (MP) 1.42 1.68 1.11
Maharashtra (MH) 1.87 1.97 1.77
Odisha (OD) 1.63 1.89 1.34
Punjab (PN) 3.87 4.00 3.74
Tamil Nadu (TN) 3.11 3.82 2.65
Telangana (TG) 3.11 3.82 2.65
Uttar Pradesh (UP) 2.29 2.46 2.07
Uttarakhand (UK) 2.15 2.26 2.06
West Bengal (WB) 2.55 2.61 2.49
India 243 4.00 1.06
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collected from the National Centers for Environmental Pre-
diction (NCEP) at 0.3x0.3° resolution and used as proxy
observed data. The observed Tyax, Tmin and Ry were down-
scaled to 0.25x0.25° resolution by using the bilinear
interpolation method. Daily weather sequences (Tiax, Timin,
R; and rainfall) from three different RCMs, namely
HadGEM3-RA, RegCM4, and YSU_RSM, were downloaded
from CORDEX East Asia website (http://cordex-ea.climate.
go.kr/cordex/) at 0.44x0.44° spatial resolution for the
period of 1981-2050. These three RCMs have consistency
in data availability without any missing information unlike
two other RCMs (SNU-MM5 and SNU-WRF) which are
also available from the CORDEX East Asia website. All
three RCMs used initial and boundary conditions of the
HadGEM2-AO Global Climate Model (GCM) to develop
the long-term future plausible climate scenarios at a 0.44°
(~50 km) grid scale covering India in its entirety. These
RCMs data have been used in many previous studies (Lee
et al. 2014; Oh et al. 2014). The RCMs simulate outputs as
future weather information from 2006 onwards, however,
observed weather information is available up to 2015 for
the study area. Therefore, the study period was considered
as: the historical period (1981-2005), transition period
(2006-2015) and future periods (the 2030s (2016-2040)
and 2040s (2026-2050)) with two representative concen-
tration pathways (RCPs) scenarios (RCP 4.5 and RCP 8.5)
to evaluate climate change impacts on rice yield gap.

Soil data

The soil properties of the study area, namely thickness of
soil layer, the texture of the soil, saturated hydraulic conduc-
tivity, bulk density, albedo fraction, runoff curve number
and organic content, were collected from the FAO soil data-
base (India Datasets for SWAT2012 2020). The properties of
these soils are available at 1x1km grid scale and were
therefore rescaled to 0.25x0.25° grid to have all infor-
mation in the same spatial resolution. The study area is
characterized by six soil classes with loam as the most domi-
nant soil type (Figure 1). The soil hydraulic properties,
namely water holding capacity, permanent wilting point,
and moisture at saturation, were estimated by using
ROSETTA software (Schaap ef al. 2001).
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Historical rice yield information

The historical rice yield information was collected from the
Ministry of Agriculture and Farmers Welfare, Government
of India for the period 1986-2015. These yields are gener-
ated through the analysis of crop cutting experiments
(CCEs) conducted under scientifically designed general
crop estimation surveys. Field Operation Divisions of the
National Sample Survey Organization provides technical
guidance to the states for conducting crop estimation sur-
veys for estimating the rice yield. The CCEs consist of
identification, and marking of experimental plots of specific
size and shape in a selected field on the principle of random
sampling, harvesting and threshing the crop, and recording
of the yield information. These yield statistics do not
describe the number of farmers, transplanting dates and
other site-specific information considered for composing it.
These yields are the average yield of all rice varieties
grown in the state. Generally, 80-120 experiments are
selected in a major crop growing district (the area under
the crop in the district either exceeds 80,000 ha or lies
between 40,000 and 80,000 ha and exceeded the average
area per district in the state) and about 44 or 46 experiments
are planned in a minor district. A time series of collected
state-wise Kkharif season rice yield was considered as
observed rainfed rice yields and was used to calibrate and
validate the DSSAT model in this study.

Bias correction of RCMs’ output

Although RCMs are regarded as the best tools available for
the projection of future climate (Jones ef al. 2004; Rajib ef al.
201), there are biases in the RCMs output. Limited under-
standing of the atmosphere and simplified representation
of its process in RCMs are regarded as the main cause of
RCM bias (Li et al. 2010). In this study, the used RCMs out-
puts (Tmax, Tmin, Rs and rainfall) are bias corrected on
monthly scale, after rescaling to 0.25 x 0.25° resolution, by
using a modified version of the quantile mapping technique
known as equidistant quantile mapping (EDQM) (Li et al.
2010). This technique is more superior than other correction
methods as it takes into account the non-stationarity of data,
i.e. it considers the difference between the CDFs for the
future and historic periods. Li et al. (2010) found that the
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equidistance quantile-matching method is more efficient in
reducing biases than the traditional CDF mapping method
for changing climates, especially for the tails of the distri-
bution. The basic procedure of the technique is outlined
below.

First, cumulative distributions are fitted separately to the
historical observed and RCM outputs. For rainfall, the
threshold value is identified in the RCM output for adjusting
wet-day frequency of rainfall time series before distribution
fitting. The fitted distributions are Gaussian distribution for
Tmax and T, Beta distribution for Ry and Gamma distri-
bution for rainfall as given below:

—-p)?

oc—1

x|y, 02) = x>7L. et
xeR (Gaussian distribution) (1)

Ta+p) (x—a)'b-x""

f1(x|a, B) =

L@@ p-a**t
a <x <b; a, B> 0(Beta distribution) 2)
frloelo, B) = 5L
’ B T(e) ™’

X > Xgnreshold; <, B> 0(Gamma distribution)  (3)

where u is the mean, o is the standard deviation, « and 3 are
the shape and scale parameters, and a and b are the lower
and upper bounds of the distribution.

The distribution parameters are determined by using
maximum likelihood estimations. Then the cumulative dis-
tribution of the daily RCM output of historical period
(F; nist(x)) is mapped onto the cumulative distribution of
the observations (F;ps(x)). The bias-corrected historical

>

RCM outputs (X;x;s;) on day i can be calculated as:

it = Fiops (Fipist (%7)) 4)

The whole procedure is followed separately for each
month in order to correct the errors in the seasonal cycle.
For the future climatic projection of RCMs output, cli-
mate shifting factor (d) is calculated which takes into
account changes in variability between historical and
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future RCM output simulations:
di(xi,fut) = Fz};t (Fi,fut(xi,fut)) - Fijhlist (Fi,fut(xi,fut)) (5)

The bias corrected future RCM outputs (X;,,;) on day i
can be calculated as:

ut = F{olbs (Fi fut i fur)) + i (% fug) (6)

Trend estimation of climate data
Mann-Kendall test

The Mann-Kendall test (Mann 1945; Kendall 1948) is a pop-
ular rank-based method for detecting the trend in hydro-
climatological variables. In this study, it is applied to esti-
mate the trend of seasonal (monsoon season - June-
September) climate data (Tihax, Tmin and rainfall) for the his-
torical period (1981-2005) and projected periods (2006-
2050) under RCP 4.5 and RCP 8.5 scenarios at 95% confi-
dence level. The Mann-Kendall (MK) test statistic is
defined as:

n-1 n
S= 21: 'Zl sgn(X; — X;) (7)
=1 j=i+

where 7 is the length of the data set, X; and X; represent data
points in time series i and j, respectively (i <j):

+1 lf (X/ 7Xi) >0
0, if X;—X;)=0 8)
-1 lf (X, 7Xl') <0

sgn(X; — X;) = {
It has been reported that for n> 10, statistic S is
normally distributed with:

E©S) =0 ©

nm—1)2n+5) - S0 it — 1)(2t +5)

VS = 18

(10)

where E(S) is the mean, V(S) is the variance of S, m is the
number of tied groups, and ¢; is the size of the ith tied
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group. The standard normal test statistics Z is given by:

S—-1

221 ifss0
V)
z={ 0,  ifS=0 (11)
StL ys<o
V(S)

If the value of |Z| is greater than critical value 1.96 at 5%
significance level, the null hypothesis for ‘no trend in time
series’ is rejected and a significant trend exists. The positive
value of the Z statistic indicates an increasing trend and
vice-versa.

Modified Mann-Kendall test

In the Mann-Kendall test, it is assumed that the data are
random and independent. However, the existence of posi-
tive autocorrelation in the data increases the probability of
detecting trends when actually it does not exist, and vice-
versa. Therefore, a modified Mann-Kendall test (Hamed
& Rao 1998) is conducted in this study for detecting trends
in autocorrelated time series by considering the effect of
autocorrelation on the variance of the Mann-Kendall
trend test statistic. To apply the modified Mann-Kendall
test the following procedures are performed.

First, all the time series data are examined for possible
lag-1 autocorrelation (r;) by using the following relationship
given by Box et al. (1994):

o = % (12)
1 n-k o
Cre =+ > (i = ®)(xi — %) (13)
i=1
Co= 23— (14)

where 1, is the kth lag autocorrelation.

The upper and lower critical values of autocorrelation
function can be obtained from Anderson’s test (Anderson
1942) as follows:

pr =~ (525 + 2, @ (”n‘_kk‘l> (15)
2

(rk)lower == (TZ 1 k) - 217 o <nn__kk_l> (16)
2
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where z;_,/» is the two-tailed standard variate at the « signifi-
cance level. If r, falls within the critical values, data is
assumed to be serially independent.

In case the data is found to have lag-1 autocorrelation,
modified variance V(S)* is calculated by taking the variance

. n\ .
correction factor (—) into account as follows:

U
V(S)' = V(S) x ni 17)
n n =
n—S: l+mk:1 (n—k)(n—k— 1)(n—k—2)rk

(18)

It is noted that only significant values of r, are used to
calculate the correction factor.

Theil-Sen’s slope test
Theil-Sens’s slope () test (Theil 1950; Sen 1968) is used to

determine the magnitude of the slope of climate variables.
The B is defined as:

B = median (Xj. — X’) (19)

]—1

where X; and X; represent data points in time series i and j,
respectively (i <j). A positive value of indicates an increas-
ing trend and vice versa.

Management practice

In the present study, rice crop cultivar IR36 was chosen as
the representative of all cultivars grown in India for analys-
ing the effect of climate variability and expected change in
weather variables on the rice yield gap. For the simulation
analysis, rainfed rice crop with a fixed transplanting date
of 15th July of each year is assumed as monsoon season
begins over the study area by that time. The transplanting
dates have been fixed to exclude the impact of growing
season on rice yields. Nitrogen (N) fertilizer is scheduled
at a rate of 120 kg/ha in three splits: 50% of total N-fertilizer
as basal dose (i.e. at the time of transplanting), 25% at 20
days after transplanting (DAT) and the remaining 25% at
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40 DAT (Mishra et al. 2013; Debnath et al. 2018b), whereas
the recommended levels of 50 kg/ha phosphorus (P,Os)
and 60 kg/ha potash (K,O) are scheduled as basal dose in
the study area (Debnath et al. 2018b). The harvest date is
decided as per the maturity of the crop simulated by the
DSSAT model.

Database preparation for implementing the DSSAT
model

The database of gridded climate and soil data are prepared
by using open source database software (MySQL version
6.1) and the high-level programming language, Python
(Python version 3.4.3). A python programming code is
developed to: (i) extract weather and soil information of a
particular grid from the database, (ii) prepare weather
input file (WTH) and soil input file (SOL) for that particu-
lar grid, (iii) prepare crop management input file (.SNX), (iv)
run the DSSAT model to simulate the rice yield by linking
all these files, and finally (v) arrange the output files of the
model run (.OSU, .O0V and warning.OUT). The same pro-
cess is performed for all grids covering the study area one by
one for a given period. The flowchart of various steps
involved in database preparation and model simulation are
shown in Figure 2.

DSSAT model calibration and validation

The CERES-Rice model, embedded in DSSAT v4.5 (Jones
et al. 2003; Hoogenboom et al. 2009), is used in this study.
It simulates crop yield by considering impacts of weather,
genotype, soil properties and management practice on
crop growth, development, soil water and nitrogen balance
on a daily basis as a function of soil-plant-atmosphere
dynamics. The model requires daily weather information
(Timax, Tmin, Rs and rainfall), soil properties (soil texture, per-
manent wilting point, field capacity, saturation moisture
content), cultivar information (i.e. cultivar’s genotype coeffi-
cients) and input management information (timing of
sowing/ transplanting, quantity and timing of irrigation
and fertilizer application and harvesting) to simulate the
rice yield. Generally, the DSSAT model needs to be cali-
brated once for each rice variety as genotype coefficients
are not location specific. However, the model has been
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Figure 2 | Flowchart to simulate rice yield and yield gap assessment by using the DSSAT model and RCMs.

calibrated for identifying the genotype coefficients of IR36
rice cultivar for each rice-growing state of India to capture
the average rice yield and other growth parameters of a
state as the observed rice yield information are the average
of all cultivars grown in a particular rice growing state.
There are a number of dominant cultivars in each state
which are reported by government (Rice Varieties 2020).
The rice yield information of individual cultivars is not
reported by any state agency or reliable source. Therefore,
it is difficult to calibrate the DSSAT model for each cultivar
without the observed yield information. The model was cali-
brated for the duration of 1986-2000 and validated for the
2001-2015 period in each rice growing state. The calibration
parameters considered in the model were the date of flower-
ing (71 +3 days after transplanting as found from three
years field experiments (2015-2017)), date of maturity (120
days crop maturity period for IR36 rice variety) and state-
wise observed rice yield. Genotype coefficient calculator,
GENCALC (Hunt et al. 1993), available within the DSSAT
model framework, was used to determine genotype coeffi-
cients of IR36 cultivar for each state during calibration by
running the crop model iteratively with input data and
base values of the genotype coefficients, comparing the
model output with observed data, and then altering the
value of genotype coefficients until the minimum difference
between simulated and observed values were found
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(Debnath et al. 2018b). The model is used to simulate rice
yield in 0.25 x 0.25° grids covering the states and the average
simulated yield of each state is calculated to compare the
model performance in this study. The model performance
is evaluated graphically and by using three performance
indices, namely root-mean-square error (RMSE), the coeffi-
cient of determination (R?), and index of agreement
(D-index):

. 0.5

RMSE — | 2i=1 (1;" - O")z] (20)

RZ = 1= Z (Pz - O_z)z} (21)
> (0; - 0)

D —index=1— { 2ina (Pi = Oi)z } (22)

Y [P - O +|0: — O

where P; and O; are model simulated and observed yield, O
is the mean of observed yield and 7 is the number of
observations.

These three performance indices give the characteristics
of model in terms of mean and variance produced by model
simulation with observed data. Also, there is EasyGrapher
software (Yang & Huffman 2004) embedded in DSSAT
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v4.5 which helps the user to calculate these indices. During
calibration and validation runs of the model, it is easier to
check the model performance by using the software. There-
fore, these specific indices were used in the study to assess
model performances.

Estimation of rice yield and yield gap

In this study, the calibrated and validated DSSAT model is
used to simulate water limited potential yield (Y,) (i.e. maxi-
mum possible yield under rainfed conditions without growth
limitations from nutrient, pests or diseases) and actual yield
under rainfed conditions (Y,) by using crop management
information, described earlier, in all grids (0.25 x 0.25°) cov-
ering the majoring rice-growing states for the historical
period (1981-2005), transition period (2006-2015) and
future periods (2030 and 2040s). Both observed weather
information from IMD and outputs of RCMs were used in
the yield simulations. The performance of RCM model out-
puts to simulate yield by using the DSSAT model was
evaluated by using previously mentioned performance

indices along with pair t-test at 5% significance level. Finally,
the yield gap (Y,) is calculated as the difference between Y,
and Y, of the cultivar under rainfed conditions:

Yg =Yy —-Yo) (23)

RESULTS
Climate change analysis

Table 2 shows the seasonal average (June-September) Tiax,
Tmin, Rs, and rainfall of each rice growing state of India
during the historical period (1981-2005), and change in
the transition period (2006-2015) and future periods (2030
and 2040s). The weather data from IMD was considered
for the historical period whereas the data of RCP 8.5 scen-
ario of RegCM4 model was considered for the transition
period as well as future periods (2030 and 2040s) in the
study. The seasonal averaged Tp.x is expected to increase
in the future in all the rice-growing states (ranges from 0.6

Table 2 | Seasonal (June-September) change in average temperatures (maximum and minimum), solar radiation, and rainfall in the study area

Historical period

Change in transition period

Change in 2030s Change in 2040s

States Tmax Tmin Rs Rain Tmax Tmin Rs Rain Tmax Tmin Rs Rain Tmax Tmin Rs Rain
Andra Prandesh 332 245 177 517 0.1 -0.1 03 43 1.0 1.1 -0.1 607 1.1 1.1 0.0 602
Assam 309 237 164 1411 07 0.2 0.5 -135 0.8 0.8 -0.1 443 0.8 0.8 0.0 456
Bihar 332 250 175 1,066 0.6 0.4 0.1 -133 0.6 0.7 -0.1 436 0.7 0.7 0.0 442
Chhattisgarh 323 240 175 1,141 0.1 0.0 0.1 -5 0.7 0.9 -02 161 09 0.9 -0.1 160
Haryana 353 251 193 460 0.0 0.2 -0.1 -8 1.5 1.7 -0.1 121 1.6 1.7 0.0 118
Jharkhand 326 244 174 1,064 04 0.4 0.0 -44 0.7 0.9 -0.1 176 0.8 0.9 0.0 178
Karnataka 286 21.1 163 1,625 02 0.2 0.0 137 0.9 1.1 -02 549 1.0 11 -02 535
Kerala 294 212 172 732 0.1 0.0 0.0 79 1.0 12 -02 609 1.1 12 -0.1 600
Madhya Pradesh  31.3 229 175 943 0.1 0.1 -0.1 34 0.9 1.1 -0.2 485 1.0 1.1 -0.1 480
Mabharashtra 329 239 181 928 0.0 0.2 -02 -26 1.0 1.2 -0.1 197 1.1 1.3 0.0 196
Orissa 322 244 170 1,114 03 0.0 0.2 123 0.7 0.8 -02 191 0.8 0.8 -0.1 192
Punjab 349 242 197 490 0.1 0.1 0.0 34 1.5 1.7 -0.1 213 1.7 1.8 0.1 210
Tamil Nadu 326 238 178 776 0.2 0.1 0.3 2 0.9 1.1 -0.1 484 1.1 1.2 0.0 477
Telengana 33.1 238 182 316 0.2 0.2 0.0 77 11 12 -0.1 578 1.1 12 -0.1 564
Uttar Pradesh 208 212 178 1,064 02 0.3 -02 15 1.3 1.5 -0.1 42 15 1.5 0.0 43

Uttaranchal 343 252 182 804 0.1 0.3 -0.1 -112 09 1.2 -0.1 297 1.0 1.2 0.0 297
West Bengal 321 247 166 1499 03 0.5 -02 -107 0.7 0.8 -0.1 256 0.8 0.9 -0.1 265

Note: Trax and Tmin are in °C; Rs is in MJ m~2 day " and rainfall is in mm.
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to 1.7 °C) with respect to the historical period. However, the
difference between seasonal averaged Tp,.x of the historical
period to that of the transition period is very low. Similar to
Tmax, Tmin is also expected to increase throughout the study
area with an average of 1.12 and 1.14 °C during two future
periods (2030 and 2040s, respectively). Among all the
states, the maximum increment in both T, and Ty, are
expected to occur in Punjab whereas the minimum may be
observed in Bihar during future periods. The mean of seaso-
nal averaged R, in the study area is expected to remain
almost the same throughout the study periods. The mean
of seasonal rainfall is decreased during the transition
period; however, it is expected to be increased by

-

i F
U~ Rain_2030s

~342 mm during both the future periods. The maximum
increment of rainfall is expected to be realised in Kerala
(during the 2030s) and Andhra Pradesh (2040s) whereas it
may be minimum in Uttar Pradesh.

The trend of seasonal climate variables was analyzed by
Mann-Kendall test and Theil-Sen’s Slope estimator
(Figure 3, Table 3). The results of Z-statistic and Sen’s
slope reveal that all the states may have a significantly
increasing trend in seasonal T,.x and Ty, at the 5% signifi-
cance level in future periods except Bihar, Jharkhand,
Orissa and Telangana during the 2030s, and Jharkhand,
Orissa and West Bengal during the 2040s. The trend analysis
results indicate that seasonal R; is expected to decrease in

p
Rain 2040s

Significantly decreasing trend

| |Decreasing trend

[ |Increasing trend

Il Significantly increasing trend

Figure 3 | Trend analysis of climate variables based on Z statistic of Mann-Kendall test and modified Mann-Kendall test in the study area (hist: historical period (1981-2005); trns: transition

period (2006-2015); 2030s: (2016-2040) and 2040s: (2026-2050)).
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Table 3 | Sen’s slope of seasonally (June-September) averaged maximum and minimum temperatures, solar radiation, and rainfall in the study area g
Tmax (°C) Trmin (°C) Rs (MJm 2day ") Rain (mm) g
States hist trns 2030s 2040s hist trns 2030s 2040s hist trns 2030s 2040s hist trns 2030s 2040s é
Andra Prandesh 0.01 0.10 0.04 0.05 0.00 0.01 0.03 0.03 0.00 0.05 0.02 0.02 0.00 -13.84 5.40 5.75 0§
Assam 0.02 0.02 0.06 0.06 0.04 0.03 0.05 0.05 -0.03 0.02 0.01 0.01 -5.11 -2.96 11.55 11.52 é
Bihar 0.00 0.09 0.04 0.04 0.03 0.06 0.02 0.02 -0.03 0.02 0.01 0.01 -5.98 -33.16 -7.99 -7.08 %
Chbhattisgarh 0.00 0.06 0.04 0.04 -0.01 0.01 0.02 0.03 0.00 0.03 0.02 0.02 -1.16 -14.17 -4.48 -4.39 :%-
Haryana -0.01 0.04 0.06 0.06 0.02 0.05 0.04 0.04 -0.03 0.02 0.01 0.01 0.31 -12.40 4.69 4.66 %
Jharkhand 0.00 0.12 0.03 0.03 0.01 0.07 0.02 0.02 -0.01 0.06 0.02 0.02 121 -38.94 -0.56 0.20 §,
Karnataka 0.01 0.13 0.04 0.05 0.01 0.07 0.03 0.03 0.01 0.04 0.01 0.01 -16.35 -28.77 8.93 10.28 E
Kerala 0.01 0.09 0.04 0.05 0.02 0.06 0.03 0.03 0.00 0.03 0.02 0.02 -6.15 -7.90 3.90 4.80 ’
Madhya Pradesh -0.01 0.10 0.06 0.06 0.00 0.01 0.03 0.03 -0.01 0.10 0.03 0.03 2.12 -48.34 -6.94 -7.13
Maharashtra -0.01 0.08 0.07 0.07 -0.01 -0.02 0.04 0.04 -0.01 0.09 0.03 0.03 -0.41 16.43 -6.27 -6.19
Orissa 0.01 0.08 0.03 0.03 -0.03 -0.03 0.02 0.02 0.03 0.03 0.01 0.01 -1.45 -47.30 -2.14 -1.72
Punjab -0.01 0.03 0.05 0.06 0.01 0.02 0.04 0.04 -0.02 0.07 0.01 0.01 -0.88 -13.40 15.56 15.33
Tamil Nadu 0.00 0.15 0.05 0.05 0.02 0.01 0.03 0.03 -0.02 0.09 0.02 0.02 -3.24 -12.45 -0.06 0.00
Telengana 0.01 0.10 0.03 0.04 0.01 0.06 0.02 0.03 -0.01 0.04 0.01 0.01 -7.42 3.99 5.26 6.17
Uttar Pradesh -0.02 0.09 0.05 0.05 0.04 0.00 0.04 0.04 -0.06 0.07 0.01 0.01 4.77 -0.94 7.67 6.88
Uttaranchal -0.01 0.11 0.06 0.06 0.01 0.04 0.03 0.03 -0.02 0.06 0.02 0.02 -7.92 -11.16 1.44 0.82
West Bengal -0.01 0.11 0.03 0.03 0.03 0.01 0.02 0.02 -0.04 0.09 0.01 0.01 -3.42 -10.15 4.02 343

-
o
S
5
E
8
)
=
)
o
[}
£
»
S
a
2]
E
]
2
©
(2]
=
®
S

[
o
-
N
»
N
S
N
X

Downloaded from http://iwaponline.com/jwcc/article-pdf/12/4/1245/896218/jwc0121245.pdf
bv auest



1256 S. Debnath et al.

Assessment of rice yield gap under a changing climate in India

Journal of Water and Climate Change | 12.4 | 2021

all the states except Assam, whereas seasonal rainfall may
have a non-significant increasing trend throughout the
study area in the 2040s.

Evaluation of DSSAT model

Comparison of the observed and simulated rice yield, for
both calibration and validation periods, shows a close corre-
spondence across all grids of the study area (Figure 4). It was
found that the model simulated rice yields within 15% of the
observed yields during both calibration and validation of the
model, except where the observed yields were lower than
1.5 t/ha, indicating its inability to simulate crop growth
when there is extreme stress. Comparison between pooled
data (from all rice-growing states) of observed yield and
model simulated yield indicates that RMSE of grain yield
were 0.52 and 0.48 t/ha, R? values of grain yield were 0.68
and 0.62 and the D-index for grain yield were 0.86 and
0.88, respectively, during the calibration and validation
periods. The state-wise model performance results indicated
that RMSE values during both the calibration and validation
were less than 0.70 t/ha in almost all the states which rep-
resent an acceptable model fit for this study.

Spatial patterns of mean and trend in Yy, Y, and Y
during historical period (1981-2005)

The DSSAT model was used to dynamically simulate Y,, and
Y, in each grid of the study area by providing required soil

and weather information for the historical period (1981-
2005). The observed weather information from IMD, along
with the projected weather information from three RCMs,
was used in the model simulation. The spatial analysis of
mean Y, and Y, by using observed weather data indicated
that Y, ranges from 1.66 to 7.5t/ha with an average of
3.62t/ha whereas the mean Y, ranges from 0.60 to
4.99 t/ha with an average of 2.13 t/ha in the study area. As
a result, the Y, varies from 0.35 to 4.78 t/ha with an average
of 1.49 t/ha in the study area. The temporal analysis of Y,
showed that Y, increased at a rate of 10-120 kg/ha/year
in 44.6% of the study area, however it had a decreasing
trend in 30.8% of the study area as well. The results suggest
that Y,, became stagnated in 24.6% of the area during 1981-
2005. Similar to Y, the temporal analysis of Y, showed that
Y, was also increased in 46.8% of the study area at a rate of
10-90 kg/ha/year, however it was stagnated and decreased
in 29.9 and 23.3% of the study area, respectively. As a
result, the temporal pattern of Y, shows that the yield gap
was decreased, stagnated and increased in 39.5, 22.9 and
37.6% of the study area, respectively. State-wise mean Y,
Y, and Y, during the historical period are shown in
Table 4. Among the rice-growing states, relatively higher
mean Y, was estimated to be in Chhattisgarh (5.82 t/ha)
because of favorable environmental conditions (Table 2)
along with a better distribution of rainfall during June-
September. However, maximum mean Y, (3.91 t/ha) was
also estimated for Chhattisgarh due to the smaller mean
value of Y, The minimum values of Y, and Y, were

6. - 6.0
? /', ,’ E [ ] ’l /’
€45 o S| 4 S
) (] ! ’r’ -] ’/‘!':_ ’/’
% -'n"‘ 4 E @@;f} v (5
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g - (] ¢ r". g «r".la‘@'“é-;m'h :
4 b L VRSN, ¢
7;'15- . 2 j%“% o
ECL W b | EC ] AT * Validation
v —1:1 line 7 —1:1 line
0.0 T 1 Ll 0.0 T T T
0.0 1.5 3.0 4.5 6.0 0.0 [k 30 4.5 6.0
Observed yield (t/ha) Observed yield (t/ha)

Figure 4 | Observed and simulated rice yield for model calibration (1986-2000) and validation (2001-2015).
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Table 4 | State-wise mean water limited rice yield (Y,,), actual yield (Y,) and yield gap (Yg) in major rice growing states of India

Historical period (1981-05)
(observed data of IMD)

Climate scenario

and data 8.5 of RegCM4 model)

Transition period (2006-15) (RCP

Future period (2016-2040) (RCP
8.5 of RegCM4 model)

Future period (2026-2050) (RCP
8.5 of RegCM4 model)

source

States Yw (t/ha) Y, (t/ha) Yg(t/ha) Y, (tha) VY, (t/ha)

Yg (t/ha) Yy, (tVha) VY,(t/ha) Yg(t/ha) Yy, (t/ha) VY,(t/ha) Y (t/ha)

Andra Prandesh  3.56 2.33 1.23 3.56 2.30

Assam 2.57 1.44 1.13 2.54 143
Bihar 2.75 1.50 1.25 2.69 1.65
Chhattisgarh 5.82 191 391 591 1.95
Haryana 4.07 2.97 1.10 421 3.07
Jharkhand 4.18 191 227 4.16 1.98
Karnataka 5.39 1.97 3.42 522 1.87
Kerala 3.92 251 141 4.08 2.54
Madhya Pradesh 2.73 1.94 0.79 2.84 2.01
Mabharashtra 2.58 1.81 0.77 2.58 1.86
Orissa 2.52 1.67 0.85 2.59 1.62
Punjab 5.34 3.85 1.49 5.48 3.85
Tamil Nadu 5.00 2.75 225 4.99 2.88
Telengana 4.70 3.05 1.65 4.63 3.04
Uttar Pradesh 3.07 1.95 1.12 3.08 1.94
Uttaranchal 3.90 2.12 1.78 391 221
West Bengal 3.75 1.99 1.76 3.70 2.03

1.26 2.92 1.81 1.11 2.86 1.75 111
1.11 2.06 1.05 1.01 1.99 1.03 0.96
1.04 2.36 1.01 1.35 231 0.98 1.33
3.96 5.29 1.67 3.62 513 1.58 3.55
1.14 3.48 2.01 1.47 3.26 2.00 1.26
2.18 3.67 1.38 229 3.61 1.31 2.30
3.35 4.27 1.18 3.09 4.12 1.08 3.04
1.54 3.57 1.97 1.60 3.48 1.92 1.56
0.83 241 1.62 0.79 2.33 1.60 0.73
0.72 2.14 1.51 0.63 2.11 1.51 0.60
0.97 2.16 1.38 0.78 2.16 1.34 0.82
1.63 4.70 2.95 1.75 4.48 2.84 1.64
2.11 4.36 2.35 2.01 4.23 2.30 1.93
1.59 3.78 2.47 1.31 3.67 245 1.22
1.14 2.46 1.56 0.90 2.37 1.48 0.89
1.70 3.33 1.40 1.93 3.24 1.34 1.90
1.67 3.20 1.57 1.63 3.15 1.54 1.61

analyzed for Orissa (2.52 t/ha) and Maharashtra (0.77 t/ha),
respectively.

The spatial pattern of mean and trend in Y, Y, and Y,
by using projected weather information of RCMs are shown
in Figures 5 and 6, respectively, during the historical period
(1981-2005). The performance of RCMs to simulate Y, and
Y, was analyzed by comparing model outputs (i.e. Y, and
Y,) using observed weather information with model outputs
using projected weather information of RCMs. It is seen that
the RegCM4 model performed better than the other RCMs
during the historical period, having RMSE of 0.26 and
0.32t/ha, R? of 0.95 and 0.87 and D-index of 0.99 and
0.93 for Yy, and Y,, respectively (Table 4).

Spatial patterns of mean and trend in Y,,, Y, and Y,
during the transition period (2006-2015)

Though the time period of 2006-2015 was considered as the
future in the simulation of RCM models, in observation, we
have this period unfolded and that is why it was decided to
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test the models’ applicability in the transition period. During
the period (2006-2015), Y,, and Y, were simulated for each
grid by using observed weather information along with pro-
jected weather information of two climate scenarios (RCP
4.5 and RCP 8.5) based on three RCM outputs. Figures 7
and 8 show the spatial patterns of mean and trend in Y,
Y, and Y, during the transition period. The simulated spatial
yield results show that the mean of Y,, Y, and Y, were
found to be 3.65, 2.17 and 1.48 t/ha, respectively, by using
observed weather information. It is noted that the simulated
mean Y, and Y, are found to increase minimally (0.03 and
0.04 t/ha, respectively) during the transition period as com-
pared to the historical period, however, Y, remains almost
the same. The trend analysis of Y,, and Y, indicate that Y,
is decreased, stagnated and increased, respectively, in 37.7,
12.4 and 49.9% of the study area, whereas Y, decreased,
stagnated and increased, respectively, in 38.7, 8.3 and
53.0% of the study area during the transition period. As a
result, Y, is decreased, stagnated and increased by 45.5,
7.2, 47.3% of the study area, respectively.
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Figure 5 | Spatial variations of mean simulated water limited potential yield (Y,,), actual yield (Y,) and yield gap (Y,) based on RCM output for the historical period (1981-2005) (Had:
HadGEM3-RA model, Reg: RegCM4 model, Rsm: YSU_RSM model, Y,,: water limited potential yield, Y,: actual yield under rainfed conditions and Yg: rainfed yield gap).

Similar to the historical period, the performance of
RCMs was also evaluated by comparing the DSSAT model
outputs (i.e. Y, and Y,) by using observed weather infor-
mation with that of RCMs projections during the
transition period. It is seen that the climate scenario RCP
8.5 of both the HadGEM3-RA and RegCM4 models per-
formed well to simulate Y,, in the study area whereas the
climate scenario RCP 8.5 of the RegCM4 model performed
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better than the other RCM scenarios to simulate Y, in the
study area (Table 5). As the RegCM4 model performed
well in both historical and transition periods and there is
no statistically significant difference (t-test at a=5%)
between yields by using observed weather information and
outputs of the RegCM4 model, the RCP 8.5 scenario of
RegCM4 model was chosen for analysing the future climate
change impact on rice yield gap in the study area.
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Figure 6 | Trend in simulated water limited potential yield (,,), actual yield (Y,) and yield gap (Y,) based on RCM output for the historical period (1981-2005).
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Figure 7 | Spatial variations of average simulated water limited potential yield (Y,,), actual yield (vz) and yield gap (Y,) based on RCM output for the transition period (2006-2015).
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Figure 8 | Temporal variations of average simulated water limited potential yield, actual yield and yield gap based on RCM output for the transition period (2006-2015).

Spatial patterns of mean and trend in Y,,, Y, and Y,
during future periods (2030 and 2040s)

The climate change impact on rice yield gap in the future
period was assessed by using the RCP 8.5 scenario of the
RegCM4 model. Figure 9 shows the spatial pattern of
mean Y, and Y, of the study area in the 2030 and 2040s.

Downloaded from http://iwaponline.com/jwcc/article-pdf/12/4/1245/896218/jwc0121245.pdf

It is seen that the mean Y, may get reduced from 3.62t/
ha (historical period) to 3.11 and 3.02t/ha during the
2030 and 2040s, respectively. Similar to Y, the average
Y, of the study area may also get reduced from 2.13 (histori-
cal period) to 1.67 and 1.62 t/ha during the 2030 and 2040s,
respectively. As both Y, and Y, are simulated to be reduced
during future periods, the average Y, of the study area
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Table 5 | Evaluation of selected RCM models for simulation of rice yields by using the DSSAT model

Yw Ya

Time period RCM models RMSE (t/ha) R? D-index RMSE (t/ha) R? D-index

Historical period (1981-2005) HadGEM3-RA 0.29 0.94 0.98 0.31 0.85 0.93
RegCM4 0.26 0.95 0.99 0.32 0.87 0.93
YSU-RSM 1.03 0.60 0.78 0.62 0.36 0.69

Transition period (2006-2015) HadGEM3-RA (RCP 4.5) 0.37 0.90 0.97 0.63 0.60 0.78
HadGEM3-RA (RCP 8.5) 0.34 0.91 0.97 0.58 0.58 0.81
RegCM4 (RCP 4.5) 0.41 0.89 0.97 0.60 0.63 0.79
RegCM4 (RCP 8.5) 0.44 0.88 0.96 0.55 0.65 0.82
YSU-RSM (RCP 4.5) 0.84 0.64 0.87 0.58 0.44 0.77
YSU-RSM (RCP 8.5) 1.08 0.50 0.79 0.66 0.31 0.68
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Figure 9 | Spatial variations of average simulated water limited potential yield (Y,,), actual yield (Yz) and yield gap () based on RegCM4 model output for future periods (2030 and 2040s).

remains almost the same (1.49, 1.44 and 1.40 t/ha during the
historical period, 2030s and 2040s, respectively). The trend
analysis of simulated yield results shows a decreasing Y,
in 58.2 and 62.8%, stagnated Y, in 30.8 and 27.2% and an
increasing Y, in 11.0 and 10.0% of the study area during
the 2030 and 2040s, respectively (Figure 10). The results
also show that Y, is expected to get either stagnated or
decreased in a considerably large portion of the study area
(78-82%) under expected future climate conditions. As a
result, Y, is expected to decrease, stagnate and increase in
49.4, 29.7 and 20.9% of the study area, respectively, during
the 2030s. The projected climate for the 2040s showed a
considerably smaller change in temporal pattern of Y,
(decreased, stagnated and increased in 51.3, 26.5 and
22.2%, respectively) as compared to the climate of the
2030s. Similar to the historical period, both maximum Y,
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and Y, in Chhattisgarh and maximum Y, in Punjab are
expected to occur during future periods (Table 4). Among
rice-growing states, a maximum reduction of mean Y,
(~1.1t/ha) is expected to occur in Karnataka whereas
both maximum reduction of Y, and highest increment of
Y, are expected to be found in Haryana.

DISCUSSION

The study has attempted to establish the seasonal trend in
Tax, Tmin, Rs and rainfall at 17 major rice growing states
in India during the historical period (1981-2005), transition
period (2006-2015) and future periods (2030 and 2040s). It
is seen that seasonal Tp,.x and T, and rainfall are expected
to increase in the future whereas Ry may remain the same
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Figure 10 | Temporal variations of average simulated water limited potential yield (Y,,), actual yield (Y,) and yield gap (Y) based on RegCM4 model output for future periods (2030 and

2040s).

throughout the study period. These results are well sup-
ported by the findings of Birthal ef al. (2014) who also
showed a significant rise of temperature in India with non-
significant variation of rainfall in the future. The calibrated
DSSAT model is used to simulate the water limited potential
yield (Y,,) and actual yield (Y,) in each grid of the study area
by providing the required soil and weather information for
the historical, transition and future periods. It is seen that
both Y,, and Y, may get reduced in future with respect to
the historical period and, as a result, the yield gap (Y,) of
the study area remains almost the same throughout the
study period. This may occur possibly because of increased
temperature which reduces floral reproduction, causes steri-
lity due to stomatal closure and reduces fertilization in the
study area (Satake & Yoshida 1978; Nishiyama & Satake
1981; Matsui et al. 1997). The reasons for rice yield decline
are reported in the literature as increase in maximum temp-
erature (Amgain et al. 2006) and minimum temperature
(Pathak et al. 2003; Amgain ef al. 2006), decrease in solar
radiation (Pathak et al. 2003; Amgain et al. 2006) and
change in rainfall (Boonwichai et al. 2018). Yoshida &
Parao (1976) and Horie et al. (1995) found that as the average
temperature increased above the optimum temperature (22—
23 °C), rice yield declined linearly with an increase in temp-
erature up to 30 °C, followed by a sharp decline thereafter.
The initial linear decrease was due to the shorter crop dur-
ation caused by increased temperature and the sharp
decline after 30 °C was because of spikelet sterility from
high-temperature damage. Excessive rainfall can leach nutri-
ents out of the crop root zone or enhance the denitrification
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process of nitrogen fertilizer which may lead to less nitrogen
availability for the crop growth. Singh et al. (2016) reported
that excessive rain conditions during the crop maturity
period adversely affect crop growth and development at
critical life stages and ultimately the yield. Mishra et al.
(2013) mentioned that the variation in crop yields among
the locations is mainly because of variations in the solar
radiation availability, which affects the daily photosynthesis.
Debnath et al. (2018b) performed sensitivity analysis of
weather data by changing the daily values of Tiax, Tinin, Rs
and rainfall to identify weather variables most affecting the
actual yield. This study showed that the combined effect of
R; and rainfall decreased the rice yield more significantly
than other factors in late transplanting conditions. Spatial
patterns of mean Y, and Y, indicated that relatively
higher yield could be produced in Chhattisgarh due to the
availability of favourable environmental conditions along
with a better distribution of seasonal rainfall. The spatial
yield results in all major rice-growing states contradicted
the results of Soora et al. (2013) which indicated that climate
change is expected to benefit rice yield by ~10-15% in
Andra Pradesh, Tamil Nadu, and Karnataka. The study
reveals that a huge yield gap (> 1.5 t/ha) may occur in Chhat-
tisgarh, Jharkhand, Karnataka, Kerala, Punjab, Tamil Nadu,
Uttaranchal and West Bengal, and modified strategies may
be required in these states to sustain rice production.
Srivastava (2014) found a 28.26% average yield gap in
Uttar Pradesh, which is mainly caused by socio-economic,
credit institutional/policy related factors, extension services
and lack of improved technology. Fuss et al. (2015) reported
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that changes in yield variability may have even more impor-
tant effects on food security than climate change projections.
Therefore, management systems and stabilizing yields should
be developed in the future to ensure food security in an envir-
onmentally sustainable way. Local or national statistics often
do not provide farm yield with detailed information about pro-
duction systems. This indicates that there is an urgent need to
improve local or national statistics for detailed yield gap assess-
ment. The yield gap assessment is the initial step towards
enhancing rice yield and consequently improving food secur-
ity. It is necessary to examine the extent to which yield gaps
can be reduced by technical and institutional innovations in
an economically and environmentally sustainable manner, as
potential yield and economically optimal yield can differ
across areas, especially for rainfed systems. Such analysis is
rarely performed after a yield gap assessment but, if it is carried
out, it will help investment in agricultural production. Finally,
an interesting outcome of the study is that the expected yield
gap shows positive hope for rice yield improvement though
the changing climate could reduce the rice yield in future.

CONCLUSIONS

The impact of climate change on rice yield gap in the major
rice-growing states of India has been analyzed by using the
DSSAT model for identifying the regions that offer the
best hope for meeting projected crop production demands
and the regions where modified strategies may be required
to sustain rice production. The trend of seasonal climate
variables shows an expected increase in maximum tempera-
ture, minimum temperature and rainfall, and a decreasing
trend in solar radiation in the future (2030 and 2040s)
over the study area. Consequently, average spatial water lim-
ited potential rice yield is expected to reduce from 3.62 t/ha
in the historical period to 3.11 t/ha and 3.02 t/ha during the
2030 and 2040s, respectively. Similarly, the average actual
yield under the rainfed conditions is also expected to
reduce from 2.13 to 1.67 and 1.62 t/ha during these future
periods. However, the average rainfed yield gap remains
almost the same throughout the study period (~1.40 t/ha).
The temporal analysis of yield gap reveals that the water lim-
ited potential yield and actual yield, respectively, have
decreased in 30.8 and 23.3% of the study area during the
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historical period and are expected to decrease in consider-
ably large portions of the study area (30-60%) under
future climate condition (2030 and 2040s). The results also
reveal an increasing yield gap in 20.9 and 22.2%, stagnated
yield gap in 29.7 and 26.5% and decreasing yield gap in 49.4
and 51.3% of the study area during two future periods. The
statistical analysis reveals that the output of the RegCM4
model has performed well for simulating water limited
potential yield and actual yield as compared to the other
two regional climate models in the study area. This study
assumed a single rice cultivar, a fixed date of transplanting,
fixed timing and quantity of fertilizer applications as the
overall representatives to all rice-growing states in India,
which may vary for farmer to farmer in the study area
during the kharif rice cultivation. This poses limitations
and a number of observation details may bring out subtle
differences within the study area. Nevertheless, the finding
of the study contributes to understanding the consequences
of climate change on rice yield gap and future food security
concerns in India, which is essential for agricultural policy
planning and the selection of mitigation strategies to
reduce the rice yield gap. The study also has the potential
to be translated for other parts of the world, and for crops
to develop adaptation strategies to reduce the crops yield
gap for improving regional and global food security.
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