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ABSTRACT

Aim of the study

This study aims to quantify uncertainty in assessing climate change impact on crop production by using all
available climate models (GCMs) under both harsh and mild emission scenarios from 2020 to 2095, which
has not yet been done in the studied region to date.

Material and methods

A comparative study was carried out for Ludhiana district, Punjab, India, in which Global Climate Model
(GCM) outputs for daily maximum (T, ) and minimum temperature (T, ) and rainfall under A1B scenar-
io concerning Mid Century (MC) (2020-2050) and End Century (EC) (2070-2095) were extracted from
ECHam5-GCM and PRECIS model. DSSAT v.4.6.1 model and Papadakis method were used to study the
climate change behavior under these two time-slices. In addition, climate data from RCP scenarios for the
future were extracted from five randomly selected GCMs under scenarios RCP 4.5 and RCP 8.5 using the
MarkSim DSSAT weather generator. These models were analyzed statistically for RMSE and NRMSE.
One of the models, HAD GEM2-ES, was selected as having the least NRSME for the impact assessment
studies.

Results and conclusions

The results showed that the annual minimum temperature would increase by 2.4°C and 2.45°C for EC
using ECHAMS and PRECIS models. In contrast, under RCPs 4.5 and 8.5 scenarios, the mean annual tem-
perature would increase by 1.56°C in MC and 3.11°C in EC compared to that of the baseline period, and
2.75°C in MC and 5.46°C in EC compared to that of the baseline period, respectively. The corresponding
likely decrease in annual RF under RCP 4.5 is 98 mm and 90 mm during MC and EC, respectively. The
corresponding increase in annual RF under RCP 8.5 is 153 mm and 251 mm, respectively. Hence, our
findings show that the uncertainty is prevalent even in relatively small regions, while selecting different
climate change scenarios.
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INTRODUCTION

Future climate projections and impact assessments are
critical in evaluating the potential impacts of climate
change and climate variability on crop production.
Climate change impact assessment combined with
the crop and climate models under different climate
change scenarios is uncertain, and selecting an appro-
priate scenario is challenging.

Climate change is expected to increase the vulner-
ability of agricultural systems (Rosenzweig et al.,
2014) by increasing temperature, changes in rainfall
patterns, and the frequency of extreme weather events
in most parts of the world (IPCC, 2014). Elevated CO,
concentration (eCO,) positively relates to crop growth,
biomass, and yield by promoting photosynthesis and
decreasing transpiration and stomatal conductance,
and overall it enhances water use efficiency (Williams
etal.,2015; Luoetal., 2016; Fahad et al., 2016a,b,c,d).
However, more recent studies have shown that inter-
active effects of CO, projected an increase in tempera-
ture. Variability in precipitation in future climate sce-
narios could potentially offset the positive effect of
CO, induced by doubling its concentration (Paz et al.,
2012; Hatfield and Prueger, 2015; Nasim et al., 2016).
More recently, downscaling of climate data has found
wider application in hydro climatology for scenario
construction and simulation/ prediction of (i) regional
precipitation (Kim et al., 2004); (ii) low-frequency
rainfall events (Wilby, 1998), (iii) mean, minimum
and maximum air temperature (Kettle and Thompson,
2004); (iv) soil moisture (Georgakakos and Smith,
2001; Jasper et al., 2004); (v) runoff (Arnell et al.,
2003) and stream flows (Cannon and Whitfield, 2002);
(vi) groundwater levels (Bouraoui et al., 1999); (vii)
transpiration (Misson et al., 2002), wind speed (Fau-
cher et al., 1999) and potential evaporation rates
(Weisse and Oestreicher, 2001); (viii) soil erosion and
crop yield (Zhang et al., 2004); (ix) landslide occur-
rence (Buma and Dehn, 2000; Schmidt and Glade,
2003) and (x) water quality (Hassan et al., 1998). The
approaches proposed for downscaling GCMs could be
broadly classified into dynamic and statistical down-
scaling. In the dynamic downscaling approach, a Re-
gional Climate Model (RCM) is embedded into GCM.
The RCM is a numerical model in which GCMs are
used to fix boundary conditions. The major drawback
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of RCM, which restricts its use in climate impact stud-
ies, is its complicated design and high computational
cost. Moreover, RCM is inflexible because expanding
the region or moving to a slightly different region re-
quires redoing the entire experiment (Crane and
Hewitson, 1998). Uncertainty in climate change im-
pact projections is related to multiple factors, includ-
ing climate model and greenhouse gas emission sce-
nario selection, complexities in atmosphere modeling,
downscaling methods, incomplete understanding of
the processes included in climate models, and uncer-
tainties in crop models (Wilby et al., 2009; Asseng,
2013; Challinor et al., 2013; Osborne et al., 2013;
Uusitalo et al., 2015; Mason-D’Croz et al., 2016;
Amin et al., 2017a). Most studies rely on only a few
climate models and a single greenhouse gas (GHG)
emission scenario; those were unable to characterize
uncertainties in climate risk assessment (Meehl et al.,
2007; Bassu et al., 2014; Tao et al., 2009; Rotter et al.,
2011; Amin et al., 2017b). A more robust climate
change impact assessment is based on multi-climate
model (GCMs) projections and multiple scenarios
(Tebaldi and Knutti, 2007; Kassie et al., 2015; Araya
et al., 2015). Process-based dynamic crop models can
be used for climate risk assessment (Ewert et al., 2015)
but must be rigorously calibrated with growth and
yield attribute data (Challinor et al., 2013; Adhikari et
al., 2015; Bassu et al., 2014; Uusitalo et al., 2015;
Kersebaum et al., 2015; Awais et al., 2017). As a re-
sult, models predict the expected impacts of uncertain-
ties associated with climate change scenarios on the
growth and yield of crops (Thorp et al., 2014; Rosenz-
weig et al., 2013, 2014; Ruane et al., 2013). Climate
change impact assessment studies quantify uncertain-
ties related to climate risks and provide decision sup-
port for more sustainable crop production. Crop mod-
el-derived yield predictions based on multiple GCMs
and emission scenarios (RCPs) provide more reliable
climate change impact assessments (Asseng, 2013;
Rosenzweig et al., 2013; Ruane et al., 2013; Bhat
et al., 2021). These studies can also be used to discov-
er and assess the uncertainty in yield predictions and
as well as to evaluate model performance (White et al.,
2011; Challinor et al., 2013; Wajid et al., 2014; Ma-
son-D’Croz et al., 2016). Climate change poses a sig-
nificant threat to agrarian societies in tropical regions.
In South Asia and India, warmer temperatures and in-
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creased variability in rainfall portend decreased yields
and corresponding impacts on rural livelihood and na-
tional food security. Since the 1960s, several factors,
such as high-yielding varieties of wheat and rice, high-
er use of fertilizers, expansion in irrigation, and in-
creased cropping intensity, improved the resilience of
India to the incidence of famine. The development
of the national grain procurement, storage, and distri-
bution system contributed significantly to the nation’s
food security. The success of these programs made it
possible for a small state like Punjab, having just 1.52
percent of India’s land area, to contribute around 50
percent to the national pool of food grains (GOP,
2010). Such a remarkable transition was facilitated
initially by constructing a multi-purpose Bhakhra dam
and canal system on Beas and Sutlej rivers to tap Hi-
malayan snowmelt and rainfall. Today, given the
widespread rural electrification, surface water (canal
water) use is overshadowed by groundwater-based ir-
rigation (Joshi et al., 2006). Echoing a policy used in
other states of the country, the Punjab government of-
fers free electricity to agriculture, contributing to
a dramatic rise in the number of tube wells (Rodell
et al., 2009) and a faster depletion in the groundwater,
which has been termed as possibly the largest mining
of water on earth based on the satellite images (Rodell
et al., 2009). The farmers who used to pump ground-
water from just 5-10 ft below the surface are drilling
tube wells up to 300 ft. The remarkable increase in
water usage in agriculture has resulted from the transi-
tion of Punjab’s agriculture from traditional crops to
rice-wheat monoculture occupying almost 80 percent
of the cropped area, which ultimately leads to a dra-
matic rise in the water usage in comparison to the av-
erage annual water supply in the region (Singh and
Sidhu, 2006). Such change in the farmers’ behavior
results from the targeted procurement of rice and
wheat crops from this region by the Government of
India at a guaranteed price, which is usually announced
before the sowing of these crops (World Bank, 2010).
Climate change is no longer a future phenomenon but
has become a reality. A modest, long-term rise in sum-
mer temperature and rainfall, a relatively more pro-
nounced increase in winter temperature, and a decline
in winter precipitation showed a changing and vari-
able climate in the country’s northern region. The
trends in the Punjab state are almost similar. The rise
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in minimum temperature is much sharper than the
maximum temperature, which has serious implica-
tions for winter crops. The average precipitation has
declined, and the mean temperature has risen. The
practice of flood irrigation of rice being grown at more
than 2.7 million ha has contributed to more humid
conditions from June to September. The increase in
relative humidity has created favorable conditions for
the increased incidence of diseases and pest attacks.
The recent trends attributed to weaker winter precipi-
tation and warmer temperatures indicate declining
wheat yields. An increase in variability of the summer
monsoons will accentuate the negative impacts on rice
through excessive flooding and increase the need for
higher irrigation due to longer dry spells. It will even-
tually increase the cost of production. It will worsen
the situation of the already dwindling groundwater re-
sources in Punjab. Flood irrigation has led to increased
water use and has also led to changes in the regional
microclimate. Due to the rise in relative humidity, in-
creased incidence of insect pests and disease attacks
has favored higher use of agrochemicals and led to
degradation of groundwater quality. Farm-level con-
cerns on groundwater depletion and consequent water
scarcity emerge from rising investments in deepening
tube wells, increasing the cost of irrigation due to die-
sel usage, and expected yield and income losses trans-
lating into food and livelihood insecurity. The other
climate factors emerge lower but are strongly associat-
ed with such concerns. Despite farmers’ awareness of
the contribution of climate and water factors to the re-
cent rise in agricultural and livelihood risk, clear rela-
tionships have not been documented or are less visi-
ble. This study aims to quantify uncertainty in the
assessment of climate change impact on crop produc-
tion by using all available climate models (GCMs) un-
der both harsh and mild emission scenarios from 2020
to 2095, which has not been done in the studied region
to date. Existing studies are limited to old emission
GHGs scenarios of IPCC (A2, B2, A1B, B1), and the
very few GCMs are based in other parts of the world
(Voloudakis et al., 2015; Gwimbi and Mundoga, 2010;
Adhikari et al., 2015; Yang et al., 2014; Hebbar et al.,
2013; Luo et al., 2016; Dar et al., 2017, 2018 and
2019) where climatic conditions are very different.
Specifically, our goals are to 1) assess the potential im-
pacts of future climate change and variability on crop
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production derived from the DSSAT crop simulation
model, and 2) quantify the uncertainty in climate
change impacts projections using ECHam5-GCM and
PRECIS model and moderate and extreme RCPs sce-
narios (4.5 and 8.5) for early (1970-2015), mid-centu-
ry (2020-2050) as well as end-century (2070-2095)
periods.

MATERIALS AND METHODS

Environmental conditions of the site

The study was carried out for climate data of Lud-
hiana (Fig. 1) (75°52 E longitude and 30°56’ N lat-
itude) in the Punjab state (73°53° to 76°55° E lon-
gitude and 29°33’ to 32°31° N latitude) of India.
Ludhiana district falls in the central part of Pun-
jab. The district is bounded between North latitude
30°33” and 31°01° and East longitude 75°25° and
76°27°. The river Satluj forms the district’s border

with Jalandhar and Hoshiarpur districts in the North.
Ropar and Fatehgarhsahib districts mark the eastern
and southeastern boundaries. The western border
adjoins Moga and Ferozpur districts. The geograph-
ical area of the district is 3790 km?. The climate of
Ludhiana district can be classified as tropical steppe,
hot and semi-arid, which is mainly dry with very hot
summer and cold winter except during the monsoon
season when moist air of oceanic origin penetrates
the district.

The normal annual rainfall of the district is
680 mm, unevenly distributed over the area in 34 days.
The southwest monsoon, which sets in from the last
week of June and withdraws at the end of September,
contributes about 78% of annual rainfall. July and Au-
gust are the wettest months. The remaining 22% of
rainfall is received during the non-monsoon period in
the wake of western disturbances and thunderstorms.
Generally, rainfall in the district increases from south-

Study Area
70'0°0"E  B0'0°0"E  90°0°0°E  100°0°0°E
. India |}
3 A 75°200"E 75°400"E 76°0'0"E 76°20'0"E
L L 1
N
30°0°0"N Lt -30°0°0"N
2 Ludhiana A
31°0°0"N+ 31°0'0"N
20°0°0"N -20°0°0"N
10°0"0"N -10°0°0"N 30°40'0"NA | 30°40'0"N
1 1 T
70'0'0"E  B0'0'0"E  90°0°0°E
0, u4' " ol u o I
722k 0E 7440°0°E — 75%20'0"E 75°40'0"E 76°0'0"E 76°20'0"E
Punjab
32°0°0"N- -320°0"N
31°20°0"N] -31°20°0"N
30°40°0"N- £ 3040707
.
)
30°0"0"N- O L200'0"N
0 05 1 2 3 4
KM
T Ll T | T T T
73°20°0"E 74°40°0"E 76°0°0"E 77°20°0"E

Fig. 1. Study location (source: own elaboration)
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west to northeast. The district area is occupied by In-
do-Gangetic alluvium.

Moreover, there are no surface features worth
mentioning except the plain area. The major drains
are Satluj and its tributaries and Budha Nala. The
variations in soil profile characteristics are much
more pronounced because of the regional climatic
differences. The soil of this zone has developed un-
der semi-arid conditions. The soil is sandy loam to
clayey with a normal reaction (pH 7.8 to 8.5). This
study used the past 46 years (1970-2015) of daily
weather data on RF, T, and T . recorded at mete-
orological observatories in the Ludhiana sub-district
in .xIsx./.csv format.

Data collection
Climate change RCP 4.5 and RCP 8.5 scenario data
for T ., T, ., and RF were derived from HAD GEM2-
ES. Under the A1B scenario for the Ludhiana district,
data daily for midcentury (2020-2050) and end cen-
tury (2070-2095) was extracted from the ECHam5-
GCM and PRECIS model.

Leander and Buishand’s 2007 approach was em-
ployed to bring the modeled data closer to the ob-

served concerning time trends and magnitude.

Bias correction

There is often a clear bias from observations in the
statistics of wvariables produced by GCMs, such
as temperature and rainfall, due to limitations in,
among others, the incorporation of local topography
and non-stationary phenomena within the GCMs.
We used the Linear scaling method in the present
study for local bias correction of temperature and
rainfall data.

Linear scaling method
The Linear scaling (LS) method aims to perfectly
match the monthly mean of corrected values with that
of observed ones (Lenderink et al., 2007). It operates
with monthly correction values based on the differenc-
es between the observed and the raw data (raw GCM
simulated data in this case). Precipitation is typically
corrected with a multiplier and monthly temperature
with an additive term.

The multipliers and additives are based on the for-
mulas given under linear scaling, which are:
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Pcor, m,d = me, m,d X P (Pobs, m) / p‘(me, m)

Tcor, md me, mdt p(Tobs, m) - p(me, m)
Where P, , m,dand T, , m, d are corrected precipi-
tation and temperature on the dth day of mth month,
and P ,m,dand T, m,d are the raw precipitation
and temperature on the dth day of mth month. pu (...)
represents the expectation operator (e.g., u (P, m)
represents the mean value of observed precipitation at

a given month (m).

DSSAT model

The DSSAT/CSM (Decision Support System for Agro
technology Transfer or Crop simulation Model) sim-
ulates the growth, development, and yield of a crop
growing on a uniform area of land under prescribed or
simulated management as well as the changes in soil
water, carbon, and nitrogen that take place under the
cropping system over time. The DSSAT-CSM is struc-
tured using the modular approach described by (Jones
et al., 2001) and (Porter et al., 2000).

Papadakis method

The method created by Papadakis (1966) categorizes
climates according to their suitability for agriculture.
This categorization uses complex criteria and extreme
values instead of direct average characteristics to ac-
curately depict heat and humidity regimes (Verheye,
2008). Papadakis’ method considers winter severity,
summer thermal stress, and water availability through-
out the year to characterize climates regarding crop
ecophysiology at a specific location. It uses extreme
temperatures, variations in temperature and rainfall
within seasons, and soil water balance.

RESULTS AND DISCUSSION

Climate Change under different scenarios

Using ECHAM 5 and PRECIS model

Global Climate Model (GCM) output on maximum
and minimum temperature and rainfall under A1B
scenario for Ludhiana district daily for mid-century
(2020-2050) and end century (2070-2095) was ex-
tracted from ECHam5-GCM and PRECIS model. Le-
ander and Buishand’s 2007 approach was employed
to bring the modeled data closer to the observed data,
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concerning time trends and magnitude. ECHAMS and
PRECIS indicated an increase in rainfall under the
A1B scenario during the mid and end century. How-
ever, there is significant variation in the magnitude of
change in rainfall in both models. The average annual
increase in rainfall during MC was computed as 181
and 311 mm by ECHAMS and PRECIS, respective-
ly. The corresponding increase in EC was 328 and
389 mm, respectively (Fig. 2).

The annual maximum temperature would increase
by 1.2°C and 2.45°C during MC using ECHAM 5 and
PRECIS models, respectively (Fig. 3). The maximum
temperature would decrease in March and April under
the PRECIS scenario during the mid-century. The cor-
responding increase in EC was 6.5 and 5.0°C using the
PRECIS model. The increase in maximum tempera-
ture will be more than 6.5°C in March, April, May,
and June in ECHAMS. In contrast, a more than 6.5°C
increase in maximum temperature was predicted in

150 7

MC

100

50

Change in rainfall, mm

200 7

EC

150 A

100

50 1

Change in rainfall, mm

=50 - Jan Feb Mar Apr  May Jun

September, October, November, and December by the
PRECIS model (Fig. 3). Bal et al. (2016) in his study
projected that the maximum temperature throughout
India from six ensemble models over the period be-
tween 1970-2100 showed an increasing trend within
the range of 2.5°C to 4.4°C by the end of the century,
concerning the present-day climate simulations using
PRECIS model under AIB scenario.

The annual minimum temperature would increase
by 2.4°C and 2.45°C during EC using ECHAMS and
PRECIS models. During the mid-century, the mini-
mum temperature would decrease in October under the
ECHAMS scenario. The corresponding increase in EC
was 5.4 and 5.0°C using ECHAMS and PRECIS mod-
els, respectively. The increase in minimum temperature
will be more than 7°C in March, April, May, June, and
September in ECHAMS. In contrast, a more than 7°C
increase in minimum temperature was predicted in July,
August September by the PRECIS model (Fig. 4). Kaur

B ECHAM5  EPRECIS
B ECHAM5 @ PRECIS
Aug Sep  Oct Nov Dec

Fig. 2. Change in rainfall (mm) under AIB scenario during mid and end century using ECHAMS and PRECIS model

(source: own elaboration)
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Fig. 3. Change in maximum temperature under A1B scenario during mid and end century using ECHAMS and PRECIS

model (source: own elaboration)

et al. (2017) predicted that the maximum and minimum
temperature and rainfall would increase by 2.0 to 2.2°C,
3.3 to 5.4°C and 33% to 66% respectively in one of the
agroclimatic zones of Punjab under the changing cli-
mate scenarios of AIB using PRECIS model.

Using RCP Scenarios

Under RCP scenarios, the future climate data was ex-
tracted for five randomly selected GCMs under scenar-
ios RCP 4.5 and RCP 8.5 using the MarkSim DSSAT
weather generator. The GCMs were BCC-CSM1-1,
CSIRO-MKk3-0, GFDL-ESM -2M, GISS-E2-R, and
HAD GEM2-ES. These models were analyzed sta-
tistically for RMSE and NRMSE. One of the mod-
els, HAD GEM2-ES, was selected as having the least
NRSME (Table 1) for the impact assessment studies.
The Linear scaling approach was used to remove bi-
ases in future data. The predictions are presented in
Table 2 and Table 3.
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In the baseline, the average + standard deviation
of RF was 759.79 + 227.1 mm, which decreased to
662.24 +£49.7 mm in MC and 670.10 £39.3 mm in EC
in RCP 4.5. Under RCP 8.5, the average + standard
deviation of rainfall is 759.79 + 227.1 mm, which is
likely to increase to 912.48 + 146.45 mm in MC and
1010.95 + 65.06 mm in EC. In the case of T, it was
29.73 + 0.5°C for the baseline of the century, and rose
to 31.08+ 0.4°C in MC and 33.08+ 0.3°C in EC under
RCP 4.5. Under RCP 8.5 average annual T, _0f 29.73
+ 0.5°C for the baseline would increase to 33.14+
0.45°C in MC and 35.87+ 0.7°C in EC. Correspond-
ingly, T, of 16.64 +0.8°C of baseline would increase
to 18.40£0.3°C in MC and 19.51 £ 0.2°C in EC under
RCP 4.5, and would increase to 18.73 £ 0.5°C in MC
and 21.41 £ 0.6°C in EC under RCP 8.5. This indicat-
ed that under RCPs 4.5 and 8.5, scenarios mean annual
temperature would increase by 1.56°C in MC and
3.11°C in EC compared to that of the baseline period
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Fig. 4. Change in minimum temperature under A1B scenario during mid and end century using ECHAMS5 and PRECIS model
(source: own elaboration)

Table 1. RMSE and NRSME values of different models were selected for the study area (source: Dar et al., 2017)

Models RMSE value NRMSE value
BCC-CSM1-1 4.67 0.284
CSIRO-MKk3-0 4.87 0.296

GFDL-ESM -2M 5.13 0.313
GISS-E2-R 4.92 0.299
HAD GEM2-ES 4.51 0.274

Table 2. The average annual climate of the Ludhiana district during Baseline, MC, and EC under RCP 4.5 (source: Dar
etal., 2017).

Temperature (°C) Baseline MC EC
P (1970-2015) (2020-2050) (2060-2090)
Tmax 29.73 31.08 33.08
Tmin 16.64 18.40 19.51
Mean 23.18 24.74 26.29
Rain 759.79 662.24 670.10
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Table 3. The average annual climate of the Ludhiana district during Baseline, MC, and EC under RCP is 8.5 (source: Dar

etal., 2017).
Temperature Baseline MC EC
(1970-2015) (2020-2050) (2060-2090)
Annual Tmax 29.73 33.14 35.87
Annual Tmin 16.64 18.73 21.41
Mean 23.18 25.93 28.64
Rain 759.79 912.48 1010.95

and 2.75°C in MC and 5.46°C in EC compared to that
the baseline period, respectively. The corresponding
likely decrease in annual RF under RCP 4.5 is 98 mm
and 90 mm, respectively. In contrast, the correspond-
ing increase under RCP 8.5 is 153 mm and 251mm, re-
spectively. From three different models and under dif-
ferent scenarios, there is wide variation in predictions;
however, we can conclude that in central Indian Pun-
jab, the temperature will increase by 1.56°C to 2.5°C
in mid-century, and by 3.11°C to 5.1°C at the end of
the 21st century under different scenarios and mod-
els. Chaturvedi et al. (2012) predicted that under RCP
6.0 and 8.5 scenarios, the mean temperature in India
is likely to be in the range of 1.7 to 2°C by 2030s and
3.3 to 4.8°C by 2080s relative to pre-industrial times,
whereas the precipitation is projected to increase in the
range from 4 to 5% by 2030s and 6 to 14% towards the
end of the century (2080s) when compared to the 1961
to 1990 baseline period. Montenegro et al. (2022) pre-
dicted that the high-risk warming calculated from the
CMIPS5 models for all stations under RCP 8.5 scenario
is expected to grow from 0.6°C to 1.4°C and 1.8°C to
4.6°C for 2010-2040 and 2041-2070, respectively

Impact of Futuristic Climatic Scenario on Crop
Water Requirement for Rice-Wheat System
(GCM model) for Central Punjab

Using Papadakis method

Increasing temperature, evapotranspiration, variable
rainfall patterns, and interactions with other meteoro-
logical parameters may negatively affect crop water
requirement (CWR). To better manage available re-
sources and agricultural production, it is important to
understand crop water requirements, the current level
of water supplies, and the possible effects of climate
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change in the future. Based on the ECHAMS model,
it was concluded that the evapotranspiration losses
would be reduced by 13.5 and 9.4 percent in the Khar-
if season during the mid-century and at the end cen-
tury. However, the evapotranspiration losses would
increase by 21.3 percent during the Rabi season. How-
ever, the PRECIS outputs indicated that evapotranspi-
ration losses would increase by 13.1 and 24.7 percent
in the Kharif season during the mid and end centuries.
During the Rabi season, the evapotranspiration losses
would reduce by 2.0 percent in the mid-century and
increase by 11.3 percent during the end century. Based
on the results, it is suggested that in both the mid and
end century, the rice-wheat cropping system would
be best for the rice to be transplanted on 6" July and
wheat to be sown on 2™ December as ET loss would
be least for these dates of sowing (Table 4).

Using DSSAT Model

Under RCP scenarios, simulated crop yields and wa-
ter balance components of rice and wheat crops in the
Baseline, MC, and EC for four soil series using the
DSSAT model are presented in (Table 5).

At baseline, the resultant simulated yield aver-
aged across soils and years was 6419 kg ha! in rice
and 5772 kg ha™! in wheat. Under RCP 4.5, averaged
across soil series, rice yield in MC and EC was re-
duced by 197 kg ha' and 103 kg ha™!, respectively,
then in the baseline. The wheat yield in MC and EC
was reduced by 110 kg ha™! and 680 kg ha™!, respec-
tively, then baseline. Similarly, under RCP 8.5 aver-
aged across soil series, the yield of rice in MC would
be increased by 1.09 t/ha (17.13%), and in EC, yield
is reduced by 855.5 kg/ha (13.32%), respectively from
the baseline, similar results were observed by (Chun
et al., 2015). The wheat yield in MC and EC would
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Table 4. Impact of climate change on the Evapotranspiration requirements under A1B scenario (source: own elaboration)

Mid-Century (change) End Century (change)
Crop Date Present ET
ECHAMS PRECIS ECHAMS PRECIS

28th October 412.5 388.0(-1.4) 421.9(32) 474.3(84.9) 480.8.3(91.4)

4th November 389.4 371.2(-18.2) 392.0(2.5) 455.5(66.1) 441.9(52.5)

Wheat 25th November 369.0 376.5(-12.9) 349.4(—40) 466.9(77.5) 396.5(7.1)
2nd December 350.2 361.2(-28.2) 327.5(-61.9) 448.4(59.0) 373.5(-15.9)
6th June 696.9 630.2(69.9) 811.7(251.7) 696.7 (136.4) 873.8(313.8)
) 16th June 560.3 494.1(-69.0) 628.7(68.4) 532.5(-27.8) 681.8(121.5)
ice 26th June 639.9 538.2(-22.0) 716.6(156.3) 546.9(-13.4) 805.4(245.1)
6th July 572.1 471.3(-89.0) 631.7(71.4) 468.2(-97.5) 718.6(158.3)

Table 5. Simulated yield, water balance components, and water-use efficiency of rice and wheat crops as influenced by dif-
ferent time slices of the 21st century under RCP 4.5 and RCP 8.5 (source: Dar et al., 2017)

Time slice Soil Yield ET Irr RF D WUE
(kgha™) (mm) (mm) (mm) (mm) (kgm™)
Rice
RCP4.5 6419 550.3 1495.3 595.61 1164.88 1.16
Baseline
RCP 8.5 6419 550.3 1494.9 595.61 1164.88 1.16
RCP 4.5 6222 541.2 1367.2 541.5 949.55 1.15
Mid-century
RCP 8.5 7519 737.3 1289.6 744.58 1019.04 1.01
RCP4.5 6316 592.9 1385.1 582.77 947.06 1.06
End century
RCP 8.5 5564 802.2 1305 829.49 987.96 0.69
Wheat
RCP4.5 5772 431.9 297.9 121.74 - 1.33
Baseline
RCP 8.5 5604 449 306.9 121.83 - 1.24
RCP4.5 5661 449.6 370.6 72.36 - 1.25
Mid-century
RCP 8.5 3940 4243 390.2 43.51 - 0.92
RCP4.5 5092 464.7 426.4 32.01 - 1.09
End century
RCP 8.5 3002 427 401.1 28.89 - 0.7

be reduced by 1.6 t/ha (29.6%) and 2.6 t//ha (46.4%),
respectively, from 5772 kg/ha in the baseline. When
averaged across soil series, the resultant crop duration
was shortened by five days and seven days in rice, and
six days and nine days in wheat in MC and EC, re-
spectively, under RCP 4.5. Under RCP 8.5, in MC and
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EC (averaged over soil series), crop duration would be
shortened by five days and four days in rice, and six
days and 11 days in wheat, respectively. Rice yield in
MC and EC decreased in almost all the years compared
to the baseline. The wheat yield decreased in fewer
years in both MC and EC. Though wheat yield de-
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creased in fewer years, the magnitude of the decrease
was more than in rice, especially in EC. For example,
the lowest simulated yield in wheat was 4885 kg ha™
in 2090, and in rice, it was 5741 kg ha™!in 2032. Kaur
et al. (2022) predicted the impact of climate change on
the water use efficiency and yield of maize for three
different sowing dates in the Punjab region of India.
The results indicated that the water use efficiency of
maize was higher in D, (second week of June) concern-
ing grain yield when compared with D, (first week of
July) and D, (third week of May). They also predicted
that with an increase in temperature, the water produc-
tivity of maize would decrease, which would be com-
pensated for with an increase in CO, using DSSAT and
CROPWAT models. These results show that inter-year
rotation information on crop yields in MC and EC can
only be obtained using HAD GEM2-ES and like mod-
els, which provide daily weather data.

In the MC and EC, water balance components were
changed as the crop duration was shortened, and RF
was decreased under RCP 4.5 compared to the base-
line. In MC, the RF was decreased by 54 mm during
rice and 49 mm during wheat crops. The correspond-
ing values in EC were 13 mm and 90 mm, respec-
tively. Similarly, under RCP 8.5, in MC, the RF was
increased by 149 mm during rice and decreased by
78 mm during wheat crops. The corresponding values
in EC were 234 mm and 93 mm, respectively.

Because of fluctuating behavior of rainfall, under
these two scenarios, the irrigation requirement (aver-
aged over soils) in MC and EC was decreased by 128
and 110 mm in rice, and increased by 73 and 129 mm in
wheat, respectively. In RCP 8.5, MC and EC irrigation
decreased by 205 and 190 mm in rice, and increased by
83 and 94 mm in wheat, respectively. Under RCP 4.5,
ET was decreased by nine in MC and EC and increased
by 43 mm in rice, and 18 and 33 mm in wheat, respec-
tively. Similarly, under RCP 8.5, in MC and EC, ET was
increased by 187 and 252 mm in rice, and decreased by
25 and 22 mm in wheat, respectively. Under elevated
temperatures, a decrease in ET due to the shortening
of crop duration has also been reported by Buttar et al.
(2012). The drainage component of water balance in
MC and EC was decreased by 215 and 218 mm in rice.
In contrast, no drainage was computed by the model for
wheat crops under RCP 4.5. Under RCP, 8.5 decreases
in drainage components for MC and EC were comput-
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ed as 146 and 177 mm for rice crops, and zero drainage
was computed for the wheat crop.

Water use efficiency in rice decreased from (1.16 £
0.05 kg m™) in the baseline to 1.15kg m™ in MC and
1.06 kg m™* in EC (Table 5). However, in wheat, the
water efficiency of (1.33 + 0.12 kg m™®) in the baseline
was decreased by 0.08 kg m~ in MC and 0.24 kg m~in
EC. Similarly, under RCP 8.5, water use efficiency in
rice was decreased from (1.16 +0.05 kg m~>) to 1.01kg
min MC and 0.69kg m>in EC. However, water use
efficiency decreased in the wheat crop from (1.24 +
0.27 kg m3) to 0.92 kg m 3 in MC and 0.70 kg m 3 in
EC (Table 5). Jalota et al. (2013) predicted the impact
of climate change on rice wheat system yield and wa-
ter use efficiency in Indian Punjab using the CropSyst
model. The results indicated that there would be a re-
duction in crop yields associated with the shortening
of growth periods. They also predicted that the evapo-
transpiration and water use efficiency decrease. They
hypothesized that postponing the planting dates of rice
and wheat by 15-21 days can mitigate the impact of
climate change. Zhao et al. (2022) studied the impact
of climate change on the rice-wheat system yield and
water balance components in China using the APSIM
model. The results showed that the WUE of the rice-
wheat system was negatively correlated with tempera-
ture but positively correlated with CO,. They conclud-
ed that climate change seriously threatens crop growth
processes, yield, and water consumption.

CONCLUSIONS

The future climatic predictions by the GCM model
for the Ludhiana district (ECHam5) through the A1B
scenario showed that maximum temperature would
rise by 1.2 and 5.0 °C during the Kharif season and
1.5 and 4.2 °C during the Rabi season in mid-century
and end century, respectively. Similarly, the minimum
temperature during Kharif and Rabi seasons will rise
by 2.6 and 7.3 °C, and 2.9 and 5.1 °C during the mid-
and end century. The Kharif rainfall will increase by
4.2 and 7.1 mm while the Rabi rainfall will decrease by
61.2 and 97.3 mm during the mid- and end century. In
central Indian Punjab, the temperature would increase
by 1.56°C to 2.5°C in mid-century, and by 3.11°C to
5.1°C at the end of the 21% century under two scenarios
and different models. Because of fluctuating behavior
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of rainfall, under RCP 4.5, the irrigation requirement
(averaged over soils) in MC and EC would decrease
by 128 and 110 mm in rice, whereas it would increase
by 73 and 129 mm in wheat, respectively. In RCP 8.5,
MC and EC irrigation would decrease by 205 and 190
mm in rice, and it would increase by 83 and 94 mm
in wheat, respectively. The crop water requirement
will be less when rice and wheat crops are sown on 6™
July and 2™ December (832.5 and 916.6 mm) for the
rice-wheat cropping system during the mid- and end
century. Therefore, a comprehensive understanding of
such models will help in better predictions of climate
behaviors, and thorough further research is needed to
understand the uncertainties in the predictions of such
models.
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NIEPEWNOSC W SCENARIUSZACH ZMIAN KLIMATU W KONTEKSCIE OKRESLANIA WZORCOW TEMPERATURY
1 OPADOW W REGIONACH O MIESZANYCH WARUNKACH KLIMATYCZNYCH

ABSTRAKT

Cel badan

Niniejsze badania majg na celu ilosciowe okreslenie niepewnosci w ocenie wplywu zmian klimatu na pro-
dukcje roslinng przy uzyciu wszystkich dostgpnych modeli klimatycznych (GCM) zarowno w przypadku
ekstremalnych, jak i fagodnych scenariuszy emisji w latach 2020-2095. W omawianym regionie s3 to pierw-

sze badania nad tym zagadnieniem.

Materiat i metody

W tym celu przeprowadzono badanie poréwnawcze dla regionu Ludhiana w stanie Pendzab w Indiach. Dane
wyjsciowe globalnego modelu klimatu (GCM) dla dziennej maksymalnej temperatury (T )i dziennej minimal-

max-

nej temperatury (T, ) oraz opadéw w scenariuszu A1B dotyczacym potowy wieku (MC) (2020-2050) i konca
wieku (EC) (2070-2095) zostaty wyodrebnione z modelu ECHam5-GCM i PRECIS. Zostaly one wykorzystane
do zbadania zachowania zmian klimatu. W tych dwukrotnych przekrojach zastosowano nastgpnie Model DSSAT
v.4.6.1. oraz metod¢ Papadakisa. Ponadto dane klimatyczne ze scenariuszy RCP na przyszto$¢ zostaty wyod-
rebnione z pigciu losowo wybranych GCM w ramach scenariuszy RCP 4.5 1 RCP 8.5 przy uzyciu generatora
pogodowego MarkSim DSSAT. Modele te poddano analizie statystycznej dla RMSE i NRMSE. Jeden z modeli,
HAD GEM2-ES, zostat wybrany do badan oceny skutkoéw jako posiadajacy najmniej NRSME.

Wyniki i wnioski

Z badan wynika, ze na koniec wieku (EC) roczna minimalna temperatura wzrostaby o 2,4°C i 2,45°C przy uzyciu
modeli ECHAMS i PRECIS. Natomiast w scenariuszach RCP 4.5 i 8.5 $rednia roczna temperatura wzrostaby
odpowiednio o 1,56°C w potowie wieku (MC) i o0 3,11°C na koniec wieku (EC) w poréwnaniu z okresem bazo-
wym oraz o 2,75°C w potowie wieku (MC) i 5,46°C na koniec wieku (EC) w poroéwnaniu z okresem bazowym.
Odpowiedni prawdopodobny spadek rocznego RF, jesli przyjmiemy scenariusz RCP 4.5, wynosi odpowiednio
98 mm i 90 mm w potowie (MC) i na koniec wieku (EC). Z kolei przyjmujac scenariusz RCP 8.5, otrzymamy
wzrost rocznego RF odpowiednio o 153 mm i 251 mm. Nasze ustalenia pokazujg zatem, ze przy wyborze roz-
nych scenariuszy zmian klimatycznych niepewnos$¢ wystepuje nawet w stosunkowo matych regionach.

Stowa kluczowe: zmiany klimatyczne, globalne modele klimatyczne, scenariusze AIB, scenariusze RCP,

DSSAT
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