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This study estimates the possible effects of change in
climatic factors on the production of major crops in
Maharashtra, India. Daily precipitation, and mini-
mum and maximum temperature simulated by a sta-
tistically downscaled MPI-ESM-MR model in NEX-
GDDP archive have been used in the study. Under
RCP4.5, the analysis suggests a significant reduction
in the production of three major crops, viz. sugarcane,
cotton and rice. This decline is prominent in central
and central-east Maharashtra. These findings imply
the need to improve and develop new seed varieties
that can withstand drastic changes in climate and also
give high yield to combat food security of an increas-
ing population.
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AN imminent change in climate is the increase in global
atmospheric temperature due to increased levels of
greenhouse gases'. In India, several studies have shown
that unprecedented warming in surface temperature has
occurred during the last century' *. However, there is no
significant trend in seasonal rainfall on the all-India
, in spite of a slight decrease in all-India rainfall
post-1950s. The global mean temperatures have increased
by 0.8°C compared to the last century'’. The world’s cur-
rent population is about 7.3 billion; it is expected to reach
9.7 billion by 2050 and 11.2 billion by 2100 (ref. 14). For
food security of the tremendously increasing population,
food production must increase multiple fold compared to
the current output by 2100. The South Asian region, as
well as the Indian region, is densely populated, economi-
cally weak and life of the people highly depends on
agriculture which is vulnerable to impacts of climate
change. According to the UN report'®, the population of
India may rise to 1.66 billion by 2050. Based on several
studies, covering many regions and crops, the adverse
effects of climate change on crop production have been
more common than positive impacts'®. Crops are highly
sensitive to temperature in all stages of their life cycle.
As temperature increases, crop development accelerates
which causes the plant to mature early. The conversion of
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sucrose to starch, which ensures the grain number and
grain weight, decreases with increases in temperature. In
other words, it affects the production of dry mass, grain
growth and ultimately reduces grain yield'®. Effects of
warmer temperature are most striking when heat stress
occurs during the flowering period. In rice, heat stress
during flowering reduces pollination and grain num-
bers'”'®. Higher temperatures entail a higher evaporative
demand. Therefore, the regions with sufficient soil mois-
ture, such as the irrigated lands, it could lead to soil sali-
nization'. In tropical monsoon climate, an increase in the
number of rainfall events and increase in total precipita-
tion would increase leaching rates in well-drained soils
and cause temporary water saturation and hence reduced
organic matter decomposition®.

The agriculture sector is more vulnerable to changing
climate compared to other sectors'>. The extent to which
changes in climate variables affect crop production is
essential for devising proper policies and management
systems to manage increasing demands®'. The impact of
climate change on crop yield can be estimated using two
methods — crop simulation models and statistical models.
Crop simulation (agronomic) modelling simulates crop
growth as a function of different climate and soil condi-
tions®> . Statistical models such as regression models
use the relationship between crop yield, soil parameters,
climate/weather variables and trend parameters®.

The present study utilizes statistical methods to assess
the impact of climate change on crop production in
Maharashtra, India. The assessment includes analysis at
spatial scales of subdivision and district.

Study area

Area-wise Maharashtra is the third largest state and has a
very large share in total crop production in India. It is fur-
ther divided into four meteorological subdivisions, viz.
Konkan—-Goa, Madhya Maharashtra, Marathwada and
Vidarbha (Figure 1). There is significant variation in the
spatial distribution of rainfall within different parts of
Maharashtra. Konkan—Goa in the Western Ghats is a high
rainfall region. Madhya Maharashtra and Marathwada
receive less rainfall compared to Konkan and Vidarbha,
primarily due to their position in the rain shadow region
of the Western Ghats®’.
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The mean annual rainfall of the state is 1363 mm, with
a standard deviation of 118.9 mm. Figure 2 a—c shows the
inter-annual variability of annual rainfall, minimum
temperature and maximum temperature respectively. The
average annual minimum temperature of Maharashtra is
15.05°C (Figure 2 b) and average annual maximum tem-
perature is 30.3°C (Figure 2 ¢), with a standard deviation
0of 0.97°C and 1.25°C respectively.

Throughout the state, several crops are grown, but
sugarcane, cotton and rice that are cultivated in the kharif
season, are the major crops with high economic value
(Figure 3). Rice production is the highest in the Konkan
and east Vidarbha region with a total area of cultivation
of 1.4714 million hectares (m ha), while 0.9868 m ha of
area which includes Madhya Maharashtra and Marath-
wada is under sugarcane cultivation. Cotton is the main
crop in West Vidarbha and some parts of Marathwada
with an area of 4.2069 m ha under cultivation®®. The av-
erage annual rice production in Maharashtra is 3.6 mil-
lion tonnes (mt), while sugarcane production is 72.26 mt,
sharing 20.52% of the all-India production. Cotton con-
tributes 21.56% with an annual production of 6.5 million
bales (1 bale = 170 kg)**.

Primary crops
Sugarcane

This is a tropical crop, and under warm and humid condi-
tions continues its growth unless terminated due to flo-
wering. A typical life cycle of sugarcane is around 15-18
months®’. Maximum temperature of 27°~38°C is essential
during all phases of its growth. For germination, optimum
temperature of 32°-38°C is required. Above 38°C, rate of
photosynthesis decreases™. A sufficient amount of water
is also equally essential for development of the crop.

Vidarbha
(1118, 247)

Marathwada
(861, 264)

Konkan *
(2742, 480)

{. Madhya

Maharashtra
(728, 144)

Figure 1. Meteorological subdivisions of Maharashtra. Mean annual
rainfall, standard deviation (mm) are also given.
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Compared to rice and cotton, sugarcane, which takes
almost a year to mature, requires more water for growth.
During the developmental phase, a large amount of rain-
fall is desirable; however, as crop growth advances, the
water requirement is reduced”. Irrigation is implemented
in low-rainfall regions to provide sufficient water for
sugarcane. It has been observed that though sugarcane
requires a large amount of water, a large area of the semi-
arid, drought-prone region like Marathwada (~1.5 m ha)
has been brought under sugarcane cultivation by irriga-
tion®’. Figure 4 a shows sugarcane production over Maha-
rashtra during the study period.

Cotton

This is grown in a semi-arid climate and requires a mean
temperature of 21°-27°C for proper vegetative growth.
With adequate soil moisture, it can tolerate temperatures
as high as 43°C, but below 21°C the growth slows down
or ceases. Cotton requires 600—1000 mm of rainfall dur-
ing its entire growth phase; however, heavy rainfall or
moisture stress during bud development and boll shed-
ding will substantially reduce the yield. Cotton is also
called ‘white gold’ because of its economic value in the
market. Figure 4 b shows the time series of cotton pro-
duction over Maharashtra. The sudden boost in produc-
tion after 2005 was due to the large-scale commercial
cultivation of high-yielding varieties.

Rice

This crop needs a hot and humid climate. It is cultivated
in the areas of high humidity, prolonged sunshine, an
assured supply of water and requires 4—6 months for full
growth. The average temperature required for rice crop
development is 20°—40°C. The optimum temperature of
30°C during daytime and 20°C during night-time are
favourable for growth and development of the crop.
When the temperature is in the critical range, rainfall is
the most crucial factor for cultivation of rice crops.
Rainfed rice cultivation is limited to areas where rainfall
is more than 1000 mm. Even though high rainfall is pre-
ferred, variation in the distribution of rainfall is the most
critical factor®’. Figure 4 ¢ shows the rice production time
series over Maharashtra. Throughout the years, total
production has increased due to chemical fertilizers,
advanced machinery, etc.

Data and methodology
Data

(1) Monthly rainfall for 29 meteorological subdivisions
over India for the period 1871-2016 which have been
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Time series of (a) annual rainfall (mm), (b) mean annual minimum temperature (°C), and (c)

mean annual maximum temperature (°C) for Maharashtra during 1980-2015.

archived at the Indian Institute of Tropical Meteorology,
Pune (www.tropmet.res.in) are used in this study. The
annual rainfall for each of the four subdivisions of Maha-
rashtra for the period 1980-2015 has been used here since
crop production data are available for this period. The
annual rainfall for Maharashtra was computed by simple
average of the annual rainfall over these four subdivi-
sions. The monthly rainfall for 36 districts of Maharash-
tra and daily high-resolution gridded (1° X 1°) minimum
and maximum temperature data over India for the period
1951-2015 have been obtained from the India Meteoro-
logical Department, Pune. Since all the grids are of the
same size, the annual average maximum and average
minimum temperature over Maharashtra as well as its
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districts have been computed with a simple average of
daily maximum and minimum temperature over the cor-
responding grids. We consider annual rainfall and annual
maximum and minimum temperatures to examine the
impact of variability in these two climate parameters on
crop production.

(i1) In this study, the annual crop production data for
rice, sugarcane, and cotton for Maharashtra during 1980—
2015 have been used. In 1980, Maharashtra had 30
districts; however, some of these districts bifurcated at
various points in time and thus there were 36 districts in
2015. The data from newly formed districts were
aggregated into the original 30 districts to construct a
consistent dataset. The annual crop production data for
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Figure 3. Major crops in Maharashtra (Source: Maps of India).

sugarcane, cotton and rice were obtained from agricultural
and statistical reports of the Government of Maharash-
tra2s3!

(ii1) The statistically downscaled MPI-ESM-MR (Max
Plank Institute-Earth System Model-Medium Resolution)
model from the archive of NEX-GDDP (NASA Earth Ex-
change-Global Daily Downscaled Products available at
https://cds.nccs.nasa.gov/nex-gddp/) archive has been
used. This is one of the best models which simulates the
mean seasonal rainfall and temperature pattern over India
reasonably well*>**. The model output is achieved by ap-
plying the bias-corrected spatial disaggregation method
of statistical downscaling to the MPI-ESM-MR model
from CMIP5 (Coupled Model Intercomparison Project 5).
The resolution of this downscaled model is 0.25° x 0.25°
long./lat. The present century simulations are available
over the globe for 1951-2005, while the future projec-
tions are available for two scenarios, viz. RCP4.5 and
RCPS8.5 for the period 2006-99. The variables available
are daily precipitation, maximum and minimum tempera-
ture. In this study, we have examined the projected
changes in crop production for two time slices — the
2040s (2031-60) and the 2080s (2070-99) with respect to
the base period (1976-2005) under the RCP4.5 scenario.

Methodology

The simple regression technique has been applied to
develop the relationship between annual crop production
and climate parameters, rainfall, minimum and maximum
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temperature. We examined four different types of regres-
sion models to select the most suitable one for this study.

Multiple linear regression model:

Y=a,+toqt+o,F +oT, + o, BT, + € (1)
The log—linear regression model:
log(Y,) = fo + byt + BoFy + BT, + BT, + € 2

Polynomial regression model:
Y= Ayt i+ B+ B + AT+ AT + ART, +€ - (3)
Log—polynomial regression model:

log(Y,) = ty + it + i P, + s B + 1T, + s,

+oRT, + € @)
Here, Y, is the crop production in year ¢ (we have develo-
ped the equations for rice, sugarcane and cotton); ¢ the
time trend variable to capture technological change; P,
the average annual rainfall (mm) per annum during 1980—
2015; T, is the average minimum or maximum tempera-
ture (°C) during 1980-2015 and € s the error term.

os, s, As, us are unknown regression coefficients to
be estimated. The estimated values of regression coeffi-
cients and projections of climate parameters were then
used to project future crop production. We used the
Akaike Information Criterion (AIC) to compare these

CURRENT SCIENCE, VOL. 118, NO. &, 25 APRIL 2020



RESEARCH ARTICLES

100000

®

0000

i

GOOD0

40000

i

Production in thousand tonnes

20000 -

® Sugarcanc

1980 1985 1990 1995 2000 2005 2010 2015
Year
10300 1
" 0, :
K] m Cotton
®©
Q3300 -
©
c
®©
€D =
g 6300 4
ke
=
£
c 4300 A
Ke]
g
S 2500 4
g
o
500 4
1980 1983 1990 1995 2000 2005 2010 2015
Year
3200
& @ ®m Rice
m -y
c 3000 4
(5
2,
o 2800 4
=
8 2600 A
3
£ 2400 4
=
i 3
= 2200 1
K]
B 2000 4
>
°
O IR0 A
o
1600 - -
1980 1985 1990 1993 2000 2005 2010 2015
Year

Figure 4. Time series of annual average production of (a) sugarcane, (b) cotton and (c¢) rice for

Mabharashtra during 1980-2015.

four models. This method evaluates the regression
models and shows the relatively best-fitting model for the
given data®. By this criterion, the preferred model is the
one with the lowest AIC value.

AIC =2k — 2 In(L),

where k is the number of estimated parameters in the
model and L is the maximum value of the likelihood
function of the model.

With this criterion, eq. (4) is the best model. In order to
obtain crop production values, we add the square of the
error term and take the exponential of the total sum.

CURRENT SCIENCE, VOL. 118, NO. 8, 25 APRIL 2020

2
S
Y, =exp [10g(yt) + 7}

where y, is the projected crop production, and s* is the
square of error (variance).

Results and discussion
Regression analysis

Using AIC, the log—polynomial regression model (eq. (4))
is the best to study the relationship between maximum
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temperature (dark bars) in the production of sugarcane, cotton and rice in various districts of Maharashtra.

Table 1. Districts having significant regression parameters in the production of sugarcane, cotton and rice using log—polynomial regression
Parameters Sugarcane Cotton Rice
Trend Ahmednagar***, Dhule***, Kolhapur***, Aurangabad***, Bid***, Jalgaon™**, Ratnagiri***, Sindhudurg***,

Nasik*** Pune***, Sangli***, Satara***,
Aurangabad***, Bid***, Jalna***, Latur***,
Nanded***, Osmanabad***, Parbhani***

Jalna*** Nanded***, Parbhani***,
Akola*** Amravati***, Buldhana***,
Nagpur***, Wardha***, Yavatmal***,

Bhandara***, Gadchiroli***,
Raigad**

Latur**
P (with Tpin) Ahmednagar**, Aurangabad**, Bid**, - Thane**, Chandrapur**
Latur**, Nasik*, Pune*, Osmanabad*
P (with Ty,x)  Bid**, Jalna*, Latur*, Osmanabad* - Chandrapur**, Gadchiroli*
P? (with Tiyin)  Ahmednagar®* Jalgaon*** Bhandara***, Chandrapur***,
Gadchiroli***
P? (with Tp)  Kolhapur*, Bid* Jalgaon*** Bhandara***, Chandrapur***,
Gadchiroli**
T nin - Aurangabad*, Amravati* -
Tiin - Amravati** -
Tnax Kolhapur* — _
Tr%]ax - -
P X Tyin Latur***, Ahmednagar**, Aurangabad**, Amravati** -
Bid**, Nasik*, Pune*, Nanded*,
Osmanabad*
P X Thax Bid**, Kolhapur*, Jalna*, Latur*, - Thane**, Gadchiroli**

Osmanabad*, Parbhani*

*¥*¥p <0.01, **p <0.05, *p <0.1. P, Rainfall; Ty, Minimum temperature; Tma.x, Maximum temperature. P (with Tyin), Regression model including
rainfall and minimum temperature. P (with T},.x), Regression model including rainfall and maximum temperature.

and minimum temperature, rainfall and crop production.
R?, the square of multiple correlation coefficient, gives
the proportion of total variance in crop production
explained by the parameters (Figure 5). The high propor-
tion of variation explained by rainfall and maximum and
minimum temperature shows that crop production is
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highly related to these parameters. Table 1 shows the dis-
tricts having significant regression coefficients with the
climate parameters. The relationship is particularly strong
in the drought-prone districts of Marathwada and Madhya
Maharashtra. Sugarcane production over Nasik and
cotton production over Latur are not much related to
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Table 2. F-test for significance of regression with different crops

Sugarcane Cotton Rice
District Tnin Tmax District Tmin Tnax District Tnin Tmax
Ahmednagar ~ 8.83%** 7.85%** Aurangabad 14.18%** 13.47%** Bhandara 6.39%** 7.01%%*
Aurangabad 6.06%** 4.83*x* Akola 2.86** 2.54** Chandrapur 5.32%*%  5.93%%*
Bid 4.95%** 3.44%* Amravati 13.69%** 13.99%** Garhchiroli 5.27%** 9.33%%*
Dhule 4.80%** 4.43%x% Beed 21.45%%%  21.96%** Ratnagiri 0.87 0.79
Jalna 4.39%** 5.20%%* Buldana 4.63%** 4.67*** Raigarh 2.24* 2.07*
Kolhapur 9.77*** 11.55%** Jalgaon 6.83%** B S Sindhudurg 3.5%* 3.29%*
Latur 13.7%%* 12.1%%* Jalna 8.22%** 7. 15%%* Thane 0.69 2.01*
Nanded 9.51*** 8.45%** Latur 2.97* 2.413
Nasik 2.69%* 1.88 Nanded 4.5%** 4.43%**
Osmanabad 8.93 %% 9.66*** Parbhani 7.34%%* 7.83%**
Parbhani 11.40%** 12.42%** Wardha 2.43%* 2.02%*
Pune 22.3%%* 18.96%** Yavatmal 7.73%%* 6.55%**
Satara 9.18%** 8.99%**
Sangli 10.6%** 10.88***
Solapur 17.5%** 18.3%**

*¥**p <0.01, **p <0.05, *p <0.1. Tyin, Regression with rainfall and minimum temperature. 7., Regression with rainfall and
maximum temperature.

Figure 6.

Percentage change in annual rainfall, change in minimum temperature (°C) and change in maximum

temperature (°C) for 19762005 under RCP4.5 during 2040s (a, ¢, e) respectively and 2080s (b, d, f) respectively.
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S

Figure 7.

Percentage change in sugarcane production with change in rainfall and maximum temperature during (a)

2040s and (b) 2080s and with change in rainfall and minimum temperature during (¢) 2040s and (d) 2080s for 19762005

under RCP4.5.

maximum temperature. Also, rice production over Ratna-
giri has no relationship with minimum/maximum temper-
ature and that over Thane is associated with maximum
temperature only (Figure 5). Table 2 gives the F
values for significant regression equations for different
districts.

Climate change impact on crop production

The projected changes in rainfall and minimum and maxi-
mum temperature have been computed from the MPI-
ESM-MR simulations under climate change scenario
RCP4.5 for two time-epochs, the 2040s and 2080s, with
respect to the baseline period 1980s. These projected
changes in the parameters over various districts and the
estimated regression coefficients are introduced in eq. (2)
to estimate the projected changes in the production of su-
garcane, cotton and rice. All projections are with respect
to the base period 1976-2005. Similar projections for
crop production have been given for Tamil Nadu® and
Sub-Saharan Africa®.

Projected changes in precipitation and temperature un-
der RCP4.5: RCP4.5 is a more realistic future scenario,
where the total radiative forcing of the atmosphere reaches
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4.5 W/m® towards the end of the century®’. The projected
changes in annual rainfall show a general increase in both
the time periods, viz. 2040s (Figure 6 a) and 2080s (Fig-
ure 6 b). In 2040s, rainfall increases up to 50%, maximum
over Parbhani, while towards the end of the century the
increase is up to 30%, more pronounced over the dry dis-
tricts of Solapur, Osmanabad and Jalgaon.

The annual average minimum temperature shows con-
sistent warming over all districts of Maharashtra; maxi-
mum warming is projected over the northern parts of
Vidarbha (Figure 6 ¢ and d). The minimum temperatures
shows warming of the order of 3° to 3.5°C. The minimum
temperature shows more warming than the maximum
temperature (Figure 6 e and f) over the entire state.

Projected changes in sugarcane production: The re-
gression results show that sugarcane production is nega-
tively related to the increase in daytime temperature, but
it has a positive relationship with rainfall. The projections
indicate that the rise in maximum temperature may
reduce production by 40-80% during 2040s and by 60—
90% during 2080s (Figure 7). The major decrease in
2040s is over the districts of Marathwada, viz. Latur,
Nanded, Parbhani and Jalna, while in 2080s sugarcane
production is projected to decrease over almost all the
districts. The rise in minimum temperature may reduce

CURRENT SCIENCE, VOL. 118, NO. 8, 25 APRIL 2020
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Figure 8.

P ,\“/\’

Nagpur § Bhandara

Percentage change in cotton production with change in rainfall and maximum temperature during (a) 2040s

and (b) 2080s and with change in rainfall and minimum temperature during (c) 2040s and (d) 2080s for 19762005 under

RCP4.5.

sugarcane production by 20-40% in Madhya Maharashtra
during 2040s, and a decrease of 20-60% in 2080s. De-
spite the loss in production in majority of the districts,
some regions such as Parbhani, Osmanabad, Solapur and
Jalna have shown an overall increase of 20—40%, possi-
bly due to increase in seasonal rainfall in these regions
(Figure 7).

Projected changes in cotton production: Cotton produc-
tion and climate variables show a strong relationship at
the district level. The production is projected to increase
by 20-30% during 2040s and relatively decrease by 20%
during 2080s in majority of the districts with increase in
maximum temperature. The production may decrease
largely in 2080s. The increase in minimum temperature
marks an overall surge in production by 10-20% with an
exception of Amravati district, which indicates major loss
by 50-60% (Figure 8).

Projected changes in rice production: The regression
results show that rice crop production is sensitive to
changes in night-time temperature. Projections indicate a
decrease in rice production in the districts of Kokan,
except for Ratnagiri by 15-25% and 10-40% with the
rise in maximum temperature during 2040s and 2080s

CURRENT SCIENCE, VOL. 118, NO. 8, 25 APRIL 2020

respectively, while eastern Vidarbha shows a decrease of
5-10% during 2040s and increase of 10% during 2080s.
The increase in minimum temperature marks an overall
rise of 5-10% in Kokan and East Vidarbha during 2040s.
At the end of the century, an overall increase of 5-10% in
rice production is projected (Figure 9).

Conclusion

This study presents the possible impact of climate change
on the production of rice, sugarcane and cotton over vari-
ous districts of Maharashtra. The statistically downscaled
MPI-ESM-MR model from the NEX-GDDP archive of
NASA has been used, and the projections have been con-
sidered under the RCP4.5 scenario.

The districts of Marathwada and Western Vidarbha in
Maharashtra are drought-prone areas. Despite this, crops
like sugarcane which consume more water are grown in
these regions. The continuation of this practice in the fu-
ture might cause severe water stress in the regions, which
may lead to more frequent droughts. Based on RCP4.5
projections, variability in rainfall and temperature is like-
ly to be more in Marathwada and Vidarbha. This calls for
stress-tolerant crop breeds which are resilient to frequent
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Figure 9. Percentage change in rice production with change in rainfall and maximum temperature during (a) 2040s and
(b) 2080s, and with change in rainfall and minimum temperature during (c) 2040s and (d) 2080s for 1976-2005 under RCP4.5.

droughts and drastic changes in minimum and maximum
temperature. The projections indicate that the rise in
minimum temperature is more pronounced compared to
maximum temperature. The minimum (night-time)
temperature plays a vital role in plant growth by regulat-
ing the respiration rate.

Future projections of rainfall and minimum and, max-
imum temperature for Maharashtra based on RCP4.5
show an increase in rainfall over the districts by 10-50%
during 2040s and 2080s. The rise in minimum tempera-
ture is more prominent in the Vidarbha region (2°—
3.5°C), while the increase in maximum temperature is
likely to be prominent in Madhya Maharashtra and
Marathwada (1.5°-2.5°C).

The log—polynomial regression model (eq. (4)) has
been used to study the impact of changing climate on
various crops. The regression results show that rice pro-
duction is sensitive to changes in night-time temperature.
Sugarcane production is negatively related to the rise in
daytime temperature, but it also has a positive relation-
ship with rainfall. Cotton production and climate
variables show a strong relationship at the district level.
Like sugarcane, cotton is also sensitive to day-time
temperature. The variation in crop production due to rain-
fall, and minimum and maximum temperature is particu-
larly high; 70-85%, in the drought-prone districts of
Madhya Maharashtra and Marathwada while for cotton
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production it ranges from 30% to 80%. For rice produc-
tion in Kokan, the variance is 20-40% and in eastern
Vidarbha it is as high as 70%. The F-test shows that the
regression coefficients are significant at 1% and 5%.

Based on the changes in these climate parameters,
sugarcane production may reduce by 40-80% in major
parts of Madhya Maharashtra and Marathwada during
2040s, and by 60-90% during 2080s. On the other hand,
cotton production is projected to increase by 20—40% in
various districts of Vidarbha and Aurangabad during
2040s and reduce by 20-50% during 2080s. The projec-
tions for rice production in Konkan indicate a reduction
by 15-25% and 10-40% during 2040s and 2080s respec-
tively. For Eastern Vidarbha, the decrease is projected to
be 5-10% during 2040s and increase of 10% during
2080s. This analysis is based on only one model and
hence the projections need to be used with caution. In
future, a large number of models will be analysed in
order to get a range of uncertainty in model projections
and to gain more confidence.
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