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ARTICLE INFO ABSTRACT

Keywords: Multi-model climate projections are increasingly used to quantify the impacts of climate change on major staple
Sugarcane crops under different climate change scenarios. Despite uncertainty associated with different climate projections,
DSSAT

it helps in providing a direction and magnitude of change in crop production in future with different uncertainty
levels. In this study, we used the CANEGRO-Sugarcane crop model driven by downscaled and bias-corrected
simulations forced by different regional climate models (RCMs) for the mid-future (2040-2069) and far-future
(2070-2099) under the two emission scenarios RCP4.5 and RCP8.5 to simulate the effect of climate change
on sugarcane’s stalk fresh mass (SFM) and Sucrose Mass (SM) over major sugarcane growing states of India. The
result showed, out of three phenological phases analyzed, two were found to be Shortened (planting to emer-
gence up to 14.5 days and emergence to stalk elongation up to 6.3 days) and one i.e., peak population to harvest
get extended up to 9.5 days under RCP8.5, far-future. An increase in SFM is projected substantially in the mid-
future under RCP 8.5 for the tropical state of Gujarat (11.2-18.1 %) and the least for Odisha (6.8 % to 10.7). On
the contrary, SM was found to decrease overall except for the states of Uttar Pradesh, Maharashtra, Gujrat, and
Andhra Pradesh. The changes in the SFM and SM were found to be regulated by the increase in maximum (Tmax)
and minimum temperature (Tmin), decline in solar radiation (Srad), leading to an increase in SFM and a
reduction in sugar content. Therefore, decline in SM in the future which may cause economic loss as sugarcane is
one of the most important cash crops of India. With uncertainties in the magnitude of change, the findings are
useful for plant breeders and policymakers to develop appropriate strategies to minimize the loss and enhance
sugar production.

CANEGRO-Sugarcane
Climate change
Multi-model projection
Impact assessment

1. Introduction

The rising temperature up to 1.5 °C in the near term, would cause
unavoidable increases in multiple climate and weather extremes and
bring multiple risks to natural ecosystems and humans (very high con-
fidence) (Ruane et al., 2014; IPCC et al., 2021). An increase in the in-
tensity and severity of extreme weather events, like extended droughts,
floods, tropical cyclones, and heatwaves will strongly affect one of the
climate-sensitive sectors, agriculture (Chaubey et al., 2022). At the
global level, this could raise serious challenges for food security addi-
tionally affecting a lot to the economy in countries whose large pop-
ulations are directly or indirectly associated with agriculture, like India
(Lobell and Gourdji, 2012; Mall et al., 2018; Sonkar et al., 2019; FAO,
2019; IPCC et al., 2021). Sugarcane (Saccharum spp.) a C4 plant is an
economically important cash crop typically grown in tropical and sub-
tropical climates throughout all seasons of the year. Because of the long
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growing season, the sugarcane’s overall productivity is strongly gov-
erned by climatic factors (de Medeiros Silva et al., 2019).

In India sugarcane is cultivated all over the country from latitude
80°N to 330°N and is an important commercial crop. The optimum
temperature for germination is 32-38 °C. And for ripening temperatures
from 12 °C to 14 °C are desirable. The critical stages of sugarcane growth
are germination, tillering, early growth, active growth and elongation.
India is the second-largest producer of sugarcane (355.70 million tons,
19.7 %) after Brazil and is also the largest consumer influencing the
livelihood of about 50 million sugarcane farmers and around 0.5 million
workers directly employed in sugar mills (DES, 2021). Among the states,
Uttar Pradesh is the leading producer. The genetically modified seeds of
sugarcane are also under development in India. It is expected that
Sugarcane-based demand for sugar and energy might increase in future.
Importantly, sugarcane yield is sensitive to changes in temperature,
rainfall (RF), atmospheric CO5 concentration and extreme weather
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events driven by climate change (Mall et al., 2016; Ruan et al., 2018;
Sonkar et al., 2020). High temperature and water stress are known to
adversely impact the growth stages (germination, flowering and matu-
rity) of the crop (Verma et al., 2019). The yield and quality of sugarcane
are sensitive to changes in weather conditions specially during critical
stages. The sugar recovery is maximum when the weather is dry with
low humidity; bright sunshine hours, cooler nights with wide diurnal
variations and very little rainfall during ripening period. Temperatures
above 38 °C reduce the rate of photosynthesis and increase respiration.

Stalk Fresh Mass (SFM) and Sucrose Mass (SM) are important
component of the sugarcane crop that determines its economic impor-
tance. A review of the literature shows that although there have been
several studies on climate change and sugarcane response in India
(Kumar and Sharma, 2014; Chandran and Anushree, 2016; Jyoti and
Singh, 2020), there are only a few studies on crop simulation
model-based approaches of assessment for sugarcane in India. These
studies are based on an empirical approach using panel data, and
regression analysis. To state a few, Kumar and Sharma, 2014, conducted
an empirical analysis of the relationship between sugarcane yield and
weather variables using the Ricardian approach and found a negative
association between climate change on productivity. Based on the crop
simulation approaches, a study by Sonkar et al. (2020) shows increased
vulnerability to SFM and SM (3-25 % decrease) with an increase in
temperature (1-4 °C) over Uttar Pradesh. However, a combined effect of
increased temperature and elevated CO levels showed an increase in
SFM but a negative effect on SM (more for rainfed conditions). Ram-
achandran et al. (2017) over the Tamil Nadu region witnessed a decline
in the sugarcane yield by 1.8 %, 2.6 %, and 2.8 % for the near, mid, and
end-century periods respectively. A similar reduction in yield has been
observed by Singh et al., 2021a in the Punjab region.

In line with the above, several other studies have found a decline in
sugarcane production and yield due to climate variability and is pro-
jected to decline by 20 % with every 1-degree rise in temperature
(Kumar et al., 2015). With the rising population and growing demand
for sugar and energy, by 2050, sugar recovery and cane production need
to be increased further without demanding the need for an additional
production area. At present, the sugarcane is grown on 5.2 million ha
with a sugar recovery of 11 % (DES, 2016).

India experienced a rise in average surface temperature from around
0.7 °C from 1901-to 2018 (Krishnan et al., 2020) with a substantial rise
in Tpyin to Tmax during recent decades showing warmer nights and rising
winter temperatures (Singh et al., 2021b; Mall et al., 2021). This will
certainly have significant repercussions for sugarcane productivity.
Process-based crop simulation model (CSM) is a powerful tool for
assessing the impact of climate change on crop production (Challinor
et al.,, 2014). Out of several CSM available for agriculture impact
assessment study, CANEGRO-Sugarcane (from Decision Support System
for Agrotechnology Transfer (DSSAT)) are widely used. To study the
response, the use of the projections made by Global Climate model
(GCM) and Regional Climate Model (RCM) in association with the
process-based crop simulation model serves as one of the reliable solu-
tions. However, due to the uncertainty associated with climate model
projections, scepticism remains on the magnitude of the decline in
sugarcane yield too. In such a scenario, predictions based on a single
climate model simulation are not reliable. Multimodel projections offer
a great opportunity in a probabilistic way to quantify the uncertainty
associated with the impact assessment of climate change. The uncer-
tainty in different climate projections in the global climate models is
mainly associated with structural differences and variations in model
parameterizations.

The impact of climate change on the production and productivity of
crops such as wheat and rice has been extensively researched, however,
for sugarcane crop most of the study attempted are from field to regional
scale and has been done through environmental modification (by
increasing temperature and CO2) on the model interface. For a country
like India which stands at the 7th position in the climate risk Index, and
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whose substantial labour force is associated with sugarcane pre and
post-production, a comprehensive evidence-based regional study on
climate change impact assessment on sugarcane productivity under
different climate projection scenarios is lacking. Considering the exist-
ing lack of evidence on sugarcane response to climate change at regional
and national scales, the present study conducted, using CANEGRO-
Sugarcane module from Decision Support System for Agrotechnology
Transfer (DSSAT). The goals of the study are as follows:

e To investigate the impact of climate change on sugarcane crop
phenology and yield (in terms of SFM as well as SM) over major
sugarcane-growing states of India.

e To evaluate the uncertainty amongst RCMs outputs used as input
weather variables in the CANRGRO-Sugarcane model.

e To assess the crop growth stages and yield under two different sce-
narios (RCP4.5 and RCP8.5) during two different time periods; mid-
of-century (2040-2069) and far-of-century (2070-2099).

This will be the first comprehensive work to study the impact
assessment of sugarcane crops in future in major sugarcane growing
regions covering the entire India using multiple regional climate model
outputs to understand the uncertainty and regional disparity in space
and time.

2. Material and methods
2.1. Study area

According to the division by the Indian Council of Agricultural
Research, the sugarcane producing regions have been classified into
tropical and sub-tropical regions. The tropical regions are identified
with long sunshine hours, cool nights with a clear sky and higher pro-
ductivity (80 t/ha) and sugar recovery (Shukla et al., 2017) and
comprise Maharashtra (MH), Karnataka (KA), Tamil Nadu (TN), Andhra
Pradesh (AP), Gujarat (GJ), and Madhya Pradesh (MP), and Kerala (KE)
states. While the sub-tropical region has lower productivity (60 t/ha)
subject to the occurrence of climate extremes. This region covers Uttar
Pradesh (UP), Bihar (BH), Uttarakhand (UT), Haryana (HR), Punjab
(PU), Odisha (OD), West Bengal (WB), Assam (AS), Chhattisgarh (CH),
and Jharkhand (JH). Finally, 11 major growing states (Fig. 1) making up
a total of more than 95 % of the total production were selected for the
study. Detailed characteristics of each state considered have been pre-
sented in Fig. 1.

2.2. Data and climate change scenarios

The daily gridded data on Tpin, Tmax, and RF was obtained from
Indian Meteorological Department (0.5° X 0.5° resolution). Whereas,
daily Srad (MJ/m?/day) was computed using the Hargreaves and
Samani method (Hargreaves and Samani, 1985). For the inter-model
variability of climate change impacts, 5 RCM output from two
Regional Climate models i.e., CCAM (Conformal-Cubic Atmospheric
Model), and RegCM was used. CCAM ensembles were developed at
CSIRO Australia and obtained from the Coordinated Regional Climate
Downscaling Experiment- South Asia (CORDEX-SA) portal, managed by
the Centre for Climate Change Research (CCCR), Indian Institute of
Tropical Meteorology (IITM), India. From the CCAM ensemble, 4
dynamically downscaled projections were obtained which use
initial-boundary conditions from four different Global Climate Models
(GCM) viz. ACCESS1-0, CNRM-CM5, MPI-ESM-LR, and NorESM1-M at
resolution 0.5° X 0.5°. Another RCM, RegCM data was downscaled using
initial-boundary conditions of MPI-ESM-MR (GCM) at a spatial resolu-
tion of 0.25° X 0.25° at the DST-Mahamana Centre of Excellence in
Climate Change Research (MCECCR), Banaras Hindu University, India.
The data for RegCM were gridded to 0.5° x 0.5° resolution to obtain a
coherent resolution. The modular predictions are inherent with biases
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Punjab

Area (Lakh Ha): 50.362
Climate: Humid, Sub-humid, Semi arid
Soil type: Sandy loam, Silty loam, Alluvial.
S’cane production share: 1.94 %
Tmax: 18.75 - 38.35 °C
Tmin: 5.17 - 25.14 °C

Haryana

Area (Lakh Ha): 44. 212

Climate: Semi-arid, Arid, Dry Sub Humid.
Soil type: Alluvial, Loam, Clay
S’cane production share: 1.89 %
Tmax: 20.00 - 39.23 °C

Tmin: 6.34 — 26.22 °C

Gujarat
Area (Lakh Ha): 196.024
Climate: Dry Sub Humid, Arid to Semi Arid
Soil type: Deep Black To Medium Black,
Sandy Loam To Sandy.
S’cane production share: 3.01 %
Tmax: 27.82 - 37.88 °C
Tmin: 12.58 — 26.56 °C
Maharashtra
Area (Lakh Ha): 308.713
Climate: Tropical monsoon
Soil type: Laterite And Acidic Coarse, Laterite
And Reddish Brown, Reddish Brown to Black
And Moderately Alkaline, Medium to Deep Black
S’cane production share: 23.10 %
Tmax: 29.30 - 39.32 °C
Tmin: 14.00 - 25.22 °C
Karnataka
Area (Lakh Ha): 191.791
Climate: Tropical monsoon
Soil type: Medium To Deep Black Soil,
Sandy Soil, Sandy Loam, Red Sandy Loam Soil
Shallow Red Soil, Laterite.
S’cane production share: 10.50 %

Tamil Nadu PR
Area (Lakh Ha): 130.058 ,°

Population
*  <1000000
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Uttar Pradesh
Area (Lakh Ha): 243. 286
Climate: Sub-humid, Semi-arid.
Soil type: Sandy Loam, Loam, Silty Loam
Alluvial, Red Laterite, Mixed Red & Black, Clay Loam
S’cane production share: 44.91 %
Tmax: 21.84 - 39.51 °C
Tmin: 7.98 — 26.36 °C
Bihar
Area (Lakh Ha): 94.163
Climate: Sub-tropical monsoon
Soil type: Alluvial, Terai, Peidmont swamp.
S’cane production share: 2.91 %
Tmax: 22.84 - 36.74 °C
9 25

Tmin:

Madhya Pradesh

Area (Lakh Ha): 308. 245

Climate: Moist Sub Humid To Dry Sub Humid
Semi Arid To Dry Sub-humid And Semi Arid

Soil Type: Red & Yellow Medium Black & Skeletal
Mixed Red & Black Soils, Alluvial, Black.

S’cane production share: 1.74 %

Tmax: 25.43 -41.13°C

Tmin: 9.74 — 25.95 °C

Odisha

Area (Lakh Ha): 155. 707

Climate: Hot & Moist Sub Humid, Warm Humid, Hot & Humid
Soil type: Red, Brown Forest, Red & Yellow,

Mixed Red & Black. Lateritic, Deltaic Alluvial,

Coastal Alluvial & Saline, Lateritic Alluvial, Black.

S’cane production share: <1%

Tmax: 27.56 — 38.18 °C

Tmin: 13.68 - 25.69¢C

Andhra Pradesh
Area (Lakh Ha): 163. 205
Climate: Hot and humid, Tropical

1000001 - 4000000

Tmax: 28.34 - 35.73 °C . @ 2000001 - 8000000 Soil type: Deltaic Alluvium, Red Soils With Clay,,
Tmin: 16.00 —22.94 °C Climate: Tropical, humid sub-tropical . RedLoams, Coastal Sands & Saline Soils, Laterite Soils
Soil type: Red Sandy Loam, Read . 8000001 - >10000000 " 'S’cane production share: 2.02 %
Loam, Clay Loam, Alluvial, Black, . '$ Tmax: 29.09 — 38.29 °C
Lateritic, Saline Coastal [ sugarcane growing states YT min: 17.60 - 26.30 °C
S'cane production share: 4.05 % \:] Other states

Tmax: 29.07 - 35.83 °C
Tmin: 19.32 - 25.00 °C

Production ('000 tonnes) Area ('000 Ha) Yield (T/Ha)
C T [T T T

€ 3 38 8 8 © 2 8 38 3% 8 8 8 8 »r 3 8 8
v © 0 - Q ~

Fig. 1. Description of sugarcane growing states of India. a.) Population density b.) Production of sugarcane c.) Area under sugarcane cultivation and d.) Yield of
sugarcane. Note — Data is an average for a period of 1997-98-2018-19. Population data collected from Population Census 2011.

subject to model parametrization and other complexities. Hence the data
was bias-corrected using variance scaling for temperature (Singh et al.,
2021c) and the linear scaling technique for RF (Jaiswal et al., 2022).
From each RCM, data was generated under two representative concen-
tration pathways (RCPs): RCP4.5 (climate-sensitive development sce-
nario) and RCP8.5 (carbon-intensive development scenario) for two
different periods i.e., 2040-2069 (mid-future) and 2070-2099 (far-fu-
ture). The detailed descriptions of the RCMs used have been provided in
Table S1. The change in monthly and seasonal temperature (Tmax, Tmin),
and Srad in future was made in comparison to the baseline peri-
0d;1980-2009 to quantify the changes under different scenarios during
the sugarcane growing period.

2.3. CANEGRO- sugarcane model

The CANEGRO-Sugarcane simulations model was used in the present
study (Inman-Bamber, 1991; Hoogenboom et al.,, 2019). The
CANEGRO-Sugarcane model is a well validated, widely used, robust
model for impact assessment in Indian region (Sonkar et al., 2020). The
reason for selecting CANEGRO over APSIM is as follows: In CANEGRO,
thermal time calculation is based on different base temperatures, opti-
mum temperatures, and maximum temperatures for different

phenological stages while APSIM calculates it on fixed temperature
(base temperature 9 °C, optimum temperature 32 °C, and maximum
temperature 45 °C). Radiation use efficiency is cultivar specific param-
eter for DSSAT while it is constant for species in APSIM (Marin et al.,
2015). Daily maintenance respiration in CANEGRO is calculated as a
fraction of total dry biomass that depends on temperature while APSIM
uses a zero-maintenance respiration approach (Jones, Singels, 2018).

The CANEGRO model requires weather data, soil physical properties
(pH, EC, bulk density, organic carbon, etc.), management information
(planting date, emergence date, etc.), and genetic trait parameters spe-
cific to the cultivar as input to simulate the daily growth and develop-
ment of sugarcane crops. In CANEGRO- the submodel canesim canopy
model described by Singels and Donaldson (2000) was used for simu-
lating the progression of fractional interception of radiation. The model
has been widely used in impact assessment on sugarcane for present and
future periods in different regions (Jones et al., 2015; Sonkar et al.,
2020). The calibrated and validated CANEGRO-Sugarcane model for
India (Singh et al., 2010; Sonkar et al., 2020) has been used for the
Impact assessment (Singels et al., 2014; Jones et al., 2015).
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2.4. Crop simulation and analysis

CANEGRO sugarcane model was used to simulate the sugarcane
phenology and yield in terms of SFM and SM with a baseline CO; con-
centration of 380 ppm for each climate scenario and period. Some pieces
of evidence suggest that increases in CO2 concentration do not affect
sugar production, cane quality, leaf area, and dry biomass (Malan et al.,
2017). Another result by Stokes et al. (2016) indicates that stomatal
conductance gets reduced by 28 % at a CO2 concentration of 720 ppm
under well-watered conditions which do not have any effect on photo-
synthesis, biomass accumulation, or yield. Similarly, Jones, Singels
(2018) also considered the zero-fertilization effect under no-water stress
conditions. The aforementioned result suggests that there is no direct
fertilization effect of increased CO5 on sugarcane crops, keeping this fact
in mind we also run the simulation with ambient CO5 concentration
under no-water stress conditions.

The module uses climate data as one of the input parameters. The
sugarcane crop is sown from January to march and has a crop cycle of 12
months on an average varying from 10 to 18 months. However, in the
present study, crop management inputs were considered the same for
the whole region with sowing between January-march and harvesting in
January-march of the next year. The initial field conditions were given
as per the secondary data obtained for each state. The model simulates
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crop growth based on a validated genetic coefficient. For this study,
already calibrated and validated genetic coefficients from (Singh et al.,
20105 Singh et al., 2018) were used in the study (Table S2). This genetic
coefficient has been parameterized for the study region and hence,
further validation was not required. In order to quantify the response of
SFM and SM to weather variables i.e. temperature the simulations were
run at the potential level. This means that no water stress or nutrient
stress was considered during the simulations. For the assessment of
uncertainty associated with the magnitude of change in sugarcane per-
formance, 20 climate scenarios were created (5 models x 2 scenarios x 2
time periods).

The analysis has been performed in three steps; in the first step grid-
wise simulation of phenology as well as SFM and SM have been per-
formed for baseline as well as 20 future climate scenarios. In the second
step, for each grid, the difference between the simulated and baseline
yield has been calculated as a percentage change. In the final step, each
grid falling in the corresponding state has been aggregated for state-wise
analysis.

(a) Mid-Future(2040-2069) RCP4.5 (b) Far-Future(2070-2099) RCP4.5
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Fig. 2. Change in mean maximum temperature (Tmax,’C) and minimum temperature (Tmin,’C) as projected by climate models relative to baseline period
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(1980-2009) under different representative pathways during mid-future (2040-2069) and far-future (2070-2099) for 11 sugarcane growing states of India.
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3. Results of Srad for the growth period is given in Fig. S2. Over tropical states,
heterogeneity in the change of Srad was observed, where the states like

3.1. Projected changes in solar radiation, temperature, and rainfall KA, AP, and OD depicted an increase in Srad during mid-future while the
remaining states showed a decrease but the magnitude was less as

Under both RCP scenarios the, average Srad for subtropical states compared to the subtropical states. Modular uncertainty found that
was found to be decreasing in the magnitude of 0.2-0.5 MJ/M?/day for RegCM showed an increment in all scenarios during the far future, un-
mid-future while during far-future it decreased at a higher magnitude i. like other climate models, NorESM projections showed an increase in

e., from 0.4 to 0.9 MJ/M?/day (Fig. S1). The long term monthly average Srad over tropical states under RCP4.5.
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HARYANA PUNJAB UTTAR PRADESH BIHAR MADHYA PRADESH ODISHA GUJRAT MAHARASHTRA ANDHRA PRADESH  KARNATAKA TAMIL NADU
10
5
g-S %ﬁ %% &g %g ﬁ %*% %% ﬁﬁ g% g# gﬁ %ﬁ %Z"‘
3 £
8 -10 k H
5
215
5
e -20
%“ 10
5s
o
8
£ 5 % % 2
S £
-10 @
-15
-20
b Change in emergence to Stalk Elongation
HARYANA PUNJAB UTTAR PRADESH BIHAR MADHYA PRADESH ODISHA GUJRAT MAHARASHTRA  ANDHRA PRADESH  KARNATAKA TAMIL NADU
10
5
ES z
& o H-H-H-HAR A7 HAF N A7 7 e AT H et T T T T e T b A bt A T AT b e L £
. :
: I
= -10
=
& 15
10
g
25
§ -
%H i vt L3 G4 i -
= ©
© I
-10
-15
c Change in peak population to harvest
HARYANA PUNJAB UTTAR PRADESH BIHAR MADHYA PRADESH ODISHA GUJRAT MAHARASHTRA ~ ANDHRA PRADESH  KARNATAKA TAMIL NADU
30
20 I
élo #%? é#%ﬁ% #% % % %% ﬁﬁ ﬁ _ TE
s -10
g
£ 20
Z 30
g
2 20
2
£ 10 # g
-10
-20

mod E2 ACCESS-1.0 E3 CNRM-CM5 E3 MPI-ESM-LR E3 NorESM-IM E3 RegCM rcp E3 RCP45 B3 RCP85

Fig. 3. Simulated change in phenological stages a) change in planting to emergence b) change in emergence to stalk elongation c¢) change in peak population to
harvest (compared with baseline 1980-2009) in mid-future (2040-2069) and far-future (2070-2099) under RCP 4.5 and RCP 8.5 using different climate models for
11 states of India. The point within the box presents the mean value and median is given by line.
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The baseline period average Tpax for the tropical states ranged from
25°C to 41 °C and for subtropical states from 18 °C to 40 °C. The
average Tni, ranged from 9 °C to 26 °C and 5-26 °C for tropical and
subtropical states respectively. In all the climate change scenarios, there
was an increment in the Tp,x and Tpi, as compared to the baseline
(Figs. 2 & S3). The rate of increase was mostly similar in the mid and far
future under RCP4.5 for Tpax (0.4-1.9 °C) while Ty, increased at a
higher magnitude ranging from 0.9° to 1.9°C and 1.2-2.6 °C during mid-
future and far-future respectively (Fig. 2). RCP8.5 on the other hand was
associated with extreme temperature change with an increase in both
Tmax and T going above 4 °C in the far future. Amongst the climate
models, ACCESS projected a higher increase while CNRM was associated
with a mild increment.

RF didn’t show any significant change in any of the scenarios. It
showed a very slight increase in subtropical states (0.1-0.4 mm/day)
and a decrease in tropical states (0.1-0.4 mm/day). RegCM and NorESM
showed variation from the rest of the models (Fig. S4). The long term
monthly mean of precipitation during the growth period is given in
Fig. S5. The variability in annual average RF is found more in Tropical
states compared to the subtropical states.

3.2. Projected changes in sugarcane phenology

Crops require a certain amount of growing degree days to complete
the life cycle. Changes in the optimum temperature range alter the
growth period of crops accordingly; for example, accelerated growth in
case of increased temperature. The results from the present study show
that sugarcane’s planting to emergence period would get shorter in all
climate change scenarios across the states (MPI-ESM-LR shows
disagreement with other models). Under RCP4.5, the average length of
planting to emergence was shortened by 1-9.3 days and a huge reduc-
tion was found under RCP8.5 (2-14.5 days), nearly similar in both pe-
riods (Fig. 3a). The regional variation was apparent for example states
like OD and TN showed the highest shortening. While as per the
ensemble mean change in planting to emergence shortened under both
the scenarios and time periods (ranging from —1.94 days in GJ under
RCP4.5 during mid-future to —12 days in PN under RCP8.5 during far-
future) Table S3.

In the case of the emergence to stalk elongation period, the average
length was shortened by 1-3.9 days and 1.6-4.7 days during the mid to
far-future respectively (RCP4.5; Fig. 3b). Under RCP8.5, the period was
further shortened by 2.2-5.2 days and 2-6.3 days during mid to far-
future respectively. Higher heterogeneity was found over KA and TN.
While as per the ensemble mean, the shortening of emergence to stalk
elongation was found in the range from 1.72 days in GJ under RCP4.5
during mid-future to 5.07 days in BR under RCP8.5 during far-future
(Table S3).

Unlike, the above two phenological stages discussed, the peak pop-
ulation to harvest period would get lengthened by 4-9 days across the
states in all the scenarios (Fig. 3c). Similarly, under the ensembled mean
for the peak population to harvest gets lengthened by a range from 4.17
days in GJ under RCP4.5 during mid-future to 18.57 days in PN under
RCP8.5 during far-future (Table S3). Overall, the planting to emergence
to stalk elongation period will be shortened while the peak population to
harvest period will get lengthened for all the scenarios irrespective of the
RCM output used.

3.3. Sugarcane yield response with projected climate

The results revealed that SFM increased in all scenarios with varia-
tions in the magnitude of the increase. For example, the increase in SFM
was limited in the far future. GJ showed the highest increment in SFM
followed by MH. Over GJ, the change in SFM was between 11.2 % and
18.1 % during the mid-future and 8.6-16.3 % during the far-future
under both scenarios. The minimum increase in SFM was observed
over OD that varies from 3.8 % to 11 % during mid-future, and 4.5-7.6
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% in far-future with some variations under two RCPs (Fig. 4a). Across
the sub-tropical region, the change in SFM was highest over HR. Apart
from spatial heterogeneity, differences in model performance were
apparent as well. For example, in the case of PN NorESM showed a
decrease in SFM. ACCESS and CNRM showed negligible change in SFM
under RCP4.5, while under RCP8.5 scenarios ACCESS showed a sub-
stantial increment in mid and far-future. UP, the leading producer of
sugarcane, showed diverse changes in SFM for different model simula-
tions from + 0.8 % (CNRM) to + 8.7 % (RegCM) under RCP4.5 and
— 0.2 % (NorESM) to + 6.8 % (MPI-ESM) in RCP8.5 (Fig. 4a). While
considering the ensemble mean, the SFM found to be increasing by range
from 0.47 % (KT) to 13.88 % (GJ) and 2.66 % (KT) to 14.93 % (GJ) for
RCP4.5 and RCP8.5 respectively during mid-future while during far
future it ranges 0.11 %(KT) to 12.61 % (GJ) and 2.54 %(KT) to 13.45 %
(GJ) for RCP4.5 and RCP8.5 respectively (Table S3).

The SM is the economic component of the sugarcane crop which
accounts for the sugar recovery. The regional disparity was found in the
response of SM over the climate scenarios. Unlike SFM, the SM was
found to decrease in all the climate change scenarios except for UP
(except RegCM), GJ, MH, and AP (except ACCESS) where SM was found
to be increasing under RCP4.5 (during both periods) and RCP8.5 (only
during mid-future) (Fig. 4b). GJ showed a substantial increase in SM by
23 % (mid-century, CNRM) to 18.5 % (far-century) in RCP4.5 % and 18
% (mid-century, CNRM) to 7.5 % (far-century, CNRM and NorESM) in
RCP8.5. HR showed a maximum decrease (9 %, RegCM) in the mid-
century future under RCP8.5, but, the decreases in SM were promi-
nent during the far future, under RCP8.5. OD showed a substantial
decrease of 24.9 % (ACCESS) during far-future, under RCP8.5. KA is the
state where the decrease in SM is found invariably. For Uttar Pradesh,
under RCP4.5 all the models showed a positive change ranging from 3.1
% to 5.8 % except ACCESS and RegCM which showed a negative change
of 1.1 % and 4.5 % respectively. Considering the ensemble mean, except
few states a decline in SM was found for all states ranging from 0.09 %
(HR) to 7.05 % (TN) and 3.53 % (HR) to 10.44% (TN) during mid-future
under RCP4.5 and RCP8.5 respectively. In UP, GJ, MH, and AP the SM
increases during mid-future; ranging from 4.85 % (UP) to 23.23% (GJ)
and 2.74 % (UP) to 14.07 % (GJ) under both the scenarios respectively,
while during far-future only under RCP4.5 changes in SM found to be
positive (ranging from 2.03 % (UP) 19.30 % (GJ)) while under RCP 8.5
changes were found to be negative (Table S3).

4. Discussion
4.1. Projected change in climate

The results based on the Multi-Model Ensemble (MME) mean pro-
jections show a unanimous increase in temperature in all climate change
scenarios under consideration and the future warming is higher in Tpy
than Tpax over the Indian subcontinent. The increase in temperature
over sub-tropical states was higher as compared to the tropical states.
Inversely, Srad showed a declining trend for the subtropical states but
mostly increased in tropical states. The incident Srad influence the Tpax
more than Tp, by alteration and modifications in light extinction, cloud
microphysical properties, thermal balance in the lower atmosphere, and
solar insolation, this partly explains the comparative less increase in
Tmax than Tmin (Padma Kumari, Goswami, 2010).

4.2. Phenology change under a warming climate

The optimum temperature range for sugarcane growth is between
10 °C and 40 °C with an average optimum value of 30 °C (Rupkumar
and Subbaramayya, 1980). Supra-optimal temperature and water stress
during various growth stages may cause a detrimental effect on the crop
(Verma et al., 2019). Higher temperature generally shortens the crop
growth phases by accelerating the plant development (Sparks et al.,
2000; He et al., 2015; Carvalho et al., 2015). The CANEGRO simulates
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Fig. 4. Simulated change in a) SFM and b) SM (compared with baseline 1980-2009) in mid-future (2040-2069) and far-future (2070-2099) under RCP 4.5 and RCP
8.5 using different climate models for 11 states of India. The point within the box presents the mean value and the median is given by horizontal line.

phenology by the accumulation of a specified period of thermal time.
Different stages like germination of the primary tiller, starting of stalk
elongation, peak tiller population etc. start when the specific thermal
time is accumulated. Elevated temperatures lead to accelerated accu-
mulation of thermal time hence hastening the beginning of different
phenological phases (Jones, Singels, 2018). The same was evident in the
present study where we found shortening of the planting to emergence
and emergence to stalk elongation period in future in response to the
increment in temperature during future scenarios, with more substantial
shortening expected in the far future under RCP8.5. The above results
are in good agreement with those of (Ahmad et al., 2016). Following the
trends in temperature rise, the shortening of the average day length of
planting to emergence was higher over sub-tropical states compared to
the tropical states. However, we report a lengthening of peak population
and harvest dates.

4.3. Yield change under a warming climate

The gradual increase in temperature increases SFM (Sonkar et al.,
2020). As found in the present study the increase in temperature has
positively affected the SFM accumulation with an increase of up to 18 %.
Our results are in good agreement with studies by Singels et al. (2014)

and Zhao and Li (2015) who showed the combined effect of elevated
CO; and temperature will lead to an increase in cane yield. CANEGRO
model calculates biomass accumulation using Photosynthetically-active
radiation (PAR) conversion efficiency. The higher the intercepted PAR,
the higher the biomass accumulation. The increased biomass is caused
by the increase in the fractional interception of PAR (FiPAR) driven by
increased thermal time accumulation leading to increased canopy
development. The present study also reports a high rise in SFM found
over tropical states compared to subtropical states. This could be
possible because tropical states witness less variability in weather pa-
rameters offering an idealistic climatic condition throughout the
growing season whereas sub-tropical states often witness extreme
weather events in different parts of the crop growth cycle. The findings
are consistent with other studies as well (Zhao and Li, 2015; Sonkar
et al., 2020).

Importantly, a mere increase in SFM doesn’t benefit unless the sugar
recovery also increases at the same pace. However, in the present study,
we observed a decline in SM except for a few regions viz. UP, GJ, MH
and, AP where it was found to be increasing. This could be due to a
decrease in Radiation use efficiency (RUE) with crop age, also known as
the reduced growth phenomenon (RGP) (Canegro simulate RGP
partially by increased maintenance respiration and lodging) (Park et al.,
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2005; Jones, Singels, 2018), as well as it also gets lengthened to achieve
an appropriate temperature regime for the accumulation of sucrose. The
SM on the other hand in CANEGRO is affected by temperature and water
stress (temperature response determined by FTCON species parameter
(Table S4). Similar findings were obtained by Jones et al. (2015) as a
result of a combination of the increased rate of maintenance respiration,
assimilated demand for structural growth, and response of photosyn-
thesis to increased temperature. Sugarcane requires a low-temperature
period during the ripening phase (12-14 °C) which is important for
the enrichment of sucrose (Fageria, Moreira, 2011). Because of the
consistent warming projected in the future period, the subsequent
decline in SM could be explained. Further, the temperature rise may
break sucrose into glucose and fructose, additionally causing increased
photorespiration that in turn cause a reduction in sugar accumulation.
An increase in temperature leads to low sugar content in stalks (Jones
et al., 2015; Sonkar et al., 2020). Nevertheless, the change in SFM and
SM varied along with states, scenarios, and periods indicating regional
disparity in crop response.

Sugarcane’s vegetative phase has an optimal water requirement,
failure to meet the desired water content will adversely affect the
vegetative growth. The projected decline in RF thus will act as a limiting
factor for overall SFM and SM. Thus, the impacts of climate change like
rising temperature and shifts in precipitation regime were found to be
adversely impacting the SFM and SM.

4.4. Uncertainty and limitations of the study

The use of climate model projections and crop simulation models is
accompanied by inherent uncertainties subject to the intricate com-
plexities of the models used (Lobell and Gourdji, 2012; Wang et al.,
2017; Rahman et al., 2018; Zhang et al., 2019). Thus, it becomes
mandatory to address the uncertainty generated by the results. To
overcome the range of uncertainty arising due to the climate model, a
multi-model approach was adopted in the study, yet substantial scope
lies in the use of a greater number of climate models to improve the
reliability of the results. Further, the simulation results obtained from
CANEGRO can be advanced using a combination of other crop simula-
tion models to cover the range of outputs and simulations. This helps in
optimizing the yield parameters and their concordance with observed
field data. It was assumed that the crop was grown under no stress
conditions, adding another limitation to this conundrum. Because the
impact of pest infections, weeds and diseases on a crop along with other
weather events like a heatwave and cold wave, flood drought etc. con-
ceives a potential to impact the yield and phenology response of the
sugarcane along with weather parameters. A single crop variety also
accounts for the limitation, for example, the use of different varieties
and varied sowing dates can result in a significant yield response to the
changing climate. Further, the crop simulation model uses a baseline
CO4 concentration of 380 ppm, which limits the understanding of crop
response at elevated concentrations. Therefore, keeping in mind the
encompassed uncertainties further research can be conducted for more
comprehensive results.

5. Conclusion

The present study utilizes state of the art multimodal climate and
crop simulation models to predict the change in Sugarcane’s SFM and
SM under different climate change scenarios for major sugarcane
growing regions of India. In the very first national level comprehensive
study of its type over India, the study reveals a significant rise in tem-
perature (Tpyax and Tpip) with a higher increment projected in Ty in all
the scenarios. The increase intensifies under RCP 8.5 in far future sce-
nario. However, the magnitude of the increase was limited in the trop-
ical states of AP, TN, KA and MH. Srad shows a solar dimming in the sub-
tropical states of India mainly the states covering the Indo-Gangetic
plain. RF doesn’t show any significant change in future. The study
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found a shortening of phenological phases from planting to emergence
and emergence to stalk elongation possibly in response to the rising
temperature. Whereas, the peak population to harvesting phase was
extended in all scenarios. The important economical marker of sugar-
cane such as SFM shows an increase under all the climate change sce-
narios with higher magnitude in the mid-future, particularly for GJ and
the minimum increase is projected over OD. Another important
component of sugarcane’s overall economic value, i.e SM is projected to
show a reduction across major sugarcane growing regions of India
except for states of UP, MH, GJ, and AP where it was found to be
decreasing only under RCP8.5 during far-future. The tropical states of
MH, GJ, and AP offer a complementary increase in Srad along with the
rise in temperature that could offset the reduction in SM. The present
study emphasizes that the sucrose recovery of major producing states
needs to be compensated through reliable solutions. To maintain its
position as a leading producer as well as consumer of sugarcane it be-
comes imperative for India to invest in the development of new heat and
drought-tolerant varieties to compensate for the loss. Identification of
new sources of sugar production, increasing efficiency of sugar mills,
timely marketing of harvested canes and processing options are also the
aspects that need to be emphasized.
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