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The future of agriculture in India will be affected by
substantial changes in the environment, although not
uniformly across the country. These changes, as pro-
jected by the well-known General Circulation Model
will grossly impact the food-cropping system. While
developing adaptation strategies, it would be useful to
understand the current climatic and farming regimes
in similar or analogue sites, which have already expe-
rienced future conditions. The data used in this article
are from a study using the Climate Analogues tool, a
web-based tool developed by the Research Programme
on Climate Change, Agriculture and Food Security,
which uses spatial and temporal variability in climate
projections for different climatic scenarios using the
General Circulation Model. Sites with statistically
similar climates were thus identified and mapped;
these include two sites from four different agro-
ecological regions of wheat cropping in India. Com-
parisons were made specifically for the year 2030,
keeping in mind changes in agricultural techniques
and mechanisms that could potentially occur over a
span of one and a half decades. Temperature was pri-
oritized over other climatic variables in this study,
which was conducted using the ECHAM model for the
A2 scenario. A comparison of the current yields of the
selected sites with those of the future analogue sites
revealed the former to be at low, moderate or high
risk, in accordance with the projected future climatic
conditions for wheat cultivation. Most sites appeared
to be at moderate risk due to temperature increase at
these sites by the year 2030, and except for two sites,
had significantly reduced yields.

Keywords: Climate analogue, future temperature, simi-
lar site, wheat production.

CHANGES in climate are adversely affecting agriculture'?.
It has been predicted that farming and food production
systems will face substantial and distinct changes in their
environments in the future. While some regions may
benefit from more favourable climate conditions for pro-
duction, others could face increased climate-change-
related biotic and abiotic stress’. Countries like India,
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which are primarily based on an agricultural economy,
could be worst hit by such climatic changes. This entails
an urgent evaluation of risks for major food crops critical
to food security”.

Global and regional projections of climate are the pri-
mary information sources’ for assessing climate change
impacts. Although a consensus on the magnitude and tim-
ing of global warming may not have been established yet,
current climate models do predict an average increase in
temperature by 1-6.5°C across different regions of the
earth’s surface over the next century’. As suggested by
Gornall et al.’, the uncertainty in climatic projections is
mainly due to ‘the non-linear character of the climate sys-
tem, future emissions of greenhouse gases, internal vari-
ability, model parameterization and model structural
uncertainty (uncertainties in the numerical formulation of
models). Internal variability leads to short-term uncer-
tainty on the decadal time-scale whilst in addition, future
emissions and model structure lead to uncertainty on the
multi-decadal scale’®.

This uncertainty in climate change projections is a ma-
jor concern in planning adaptation measures in response
to climate change and mitigating any possible negative
effects. In the development and political sectors of a
country like India, policy decisions for adaptation and
mitigation are particularly based on projections made
with the help of mechanistic models, e.g., crop response
models, general circulation models, and agricultural trade
models’. Our study focuses on wheat, the second most
common staple food crop in India. Wheat is perhaps one
of the most critical food crops in India and any negative
impact on its growth and yield in the future would have
significant repercussions on the country’s food supply.
Wheat grows preferentially in cooler temperatures, with
early winter sowing and harvesting in early summer.
Therefore, with temperatures rising towards the end of its
growth, namely the grain-filling stage of development®
during summer months’ "', changes in temperature can
potentially reduce wheat productivity in certain regions
of its cultivation'?. In a large country like India, it is very
likely that the future climate of a location already exists
at some other site. If such analogue locations could be
identified, one can understand the possible direction of
change of crop production and also learn potential
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adaptation strategies from the analogue locations.
Towards this end, this study utilized the, the Climate
Analogues Tool, a web-based tool developed by CCAFS
(Research Program on Climate Change, Agriculture and
Food Security), which identifies climate analogue loca-
tions, based on the distribution of current and future
climatic data, for any reference location in the world.

The main objectives of this study are, therefore, to cli-
matically characterize the representative centres of four
important agro-climatic zones of India and to develop
spatio-temporal analogues for these key representative
centres of the zones.

Methods
Weather downscaling

To generate future climatic conditions, based on general-
ized down scaling, data generation, and keeping in mind
the IPCC scenarios, MarkSim, a third-order Markov rain-
fall generator was used in this study'>". Although
MarkSim was not initially designed to be a General
Circulation Model (GCM) down-scaler, it now works as
one, employing both stochastic downscaling and weather
typing over and above Type 1 downscaling.

Climate analogues

In essence, the climate analogue tool connects sites with
statistically similar (‘analogous’) climates across space,
i.e. in other geographic locations, and/or time, i.e. with
historical or projected future climates. Such a tool thus
helps in providing sites with both spatial and temporal
similarities of climate to a specific location on the earth.
In other words, the tool helps in understanding the
following: (i) Where in the future would the climate of
that site be similar to the current climate of a specific
geographic location? (ii) Which were the sites that had
similar climates in the past to the currently selected site?
(iii) Where in the future would the climate of that site be
similar to the past climate of a selected location?

It thus becomes possible to conduct comparative stu-
dies on potential agricultural adaptations or mitigation of
negative climatic impacts between two geographically
disparate sites (‘spatial analogues’), the current climate of
one of which is likely to be analogous to the projected
future climate of another. We could also compare ‘tempo-
ral analogues’, in which the past historical events of one
site could help us understand the possible consequences
of future climate change, as also the agricultural adapta-
tions that could prove effective at another location®.

For our current analysis, one to three representative
centres in particular Indian states were chosen from four
of the six agro-climatic zones of wheat production in
India (Figure 1), as listed below.
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(1) North Western plain zone: Ludhiana (Punjab), Delhi.

(2) North Eastern plain zone: Kanpur (Uttar Pradesh),
Patna (Bihar), Ranchi (Jharkhand).

(3) Central zone: Indore (Madhya Pradesh), Kota (Rajast-
han).

(4) Peninsular zone: Akola (Maharashtra).

The two hill zones, i.e. the Northern hill zone and the
Southern hill zone, which have only summer production
of wheat have not been chosen for this analysis, as they
account for less than 5% of the total wheat production of
the country.

The representative centres were chosen randomly from
amongst a pool of wheat-growing centres in each of the
agro-climatic zones, wherein wheat cultivation experi-
ments have been conducted previously and from which,
therefore, data could be obtained on wheat productivity
and yields, and on other bioclimatic factors that could po-
tentially affect its growth.

The climatic characterization of the representative cen-
tres was conducted in accordance with wheat phenology.
Climatic risk was also estimated for these centres by
estimating relevant parameters such as thermal time,
growing degree days, maximum temperature and mini-
mum temperature.

In order to understand shifts in climatic conditions, the
MarkSim tool was used to generate future climatic re-
gimes, in accordance with different GCM model and
IPCC emission scenarios. The A2 scenario'”'* was taken
into account, assuming that India, being a developing
country, was following a heterogeneous path of economic
development. The GCM models considered were those of
ECHAM and CSIRO, as these have yielded better results
than agriculture simulation models in previous studies'”.

Subsequent to the estimation of climatic risks and
expected shifts in daily temperature range after a period
of approximately 30 years, the Climate Analogue Tool
was used to obtain temporal analogues of the representa-
tive centres. The ECHAM 5.0 model*® has yielded more
successful results in previous studies over the CSIRO
MK3.0 model in predictions that have used temperature
as the determining factor’'. Therefore, the latter model
was not employed in this study. The climate analogues
tool can be designed for specific results as shown in Fig-
ure 2, but for the purpose of this study, the parameters
listed below were considered.

e Analysis for dissimilarity: Grid-based dissimilarity
analysis: one single location is compared with entire
geographic domain.

Method for dissimilarity: CCAFS.

Climatic zone: Regional.

SRES: A2 scenario.

GCM TARGET: ECHAM 5.0 model was selected for
the current study for the year 2030.

e Variable: Climatic: Mean temperature, rainfall.
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Figure 2.

e Weight: Relative importance to be given to parame-
ters selected for analysis.

e Direction: Backward: would use future climate as ref-
erence and give analogue in reference to current cli-
mate.

e Crop growing season: In case of wheat variety grow-
ing season was taken as November—March.

The Climate Analogues Tool was run in the CCAFS
mode of dissimilarity, using specific parameter values of
global region, A2 scenario, MPI ECHAM 5.0, climatic
factor with temperature being the parameter of choice,
diurnal temperature range and in the backward direction.

Finally, the results that were obtained from the Climate
Analogues Tool were analysed further using the DIVA-
GIS software”. Administrative boundaries were added
using data from the Gazetteer of India®*. High probability
zones of climatic similarity were identified and marked
and the same converted into user-friendly formatted data
for further analyses result as shown in Figure 3.

Results
Climatic risk

Climate risk levels for the various selected sites have
been shown in Table 1. Risk levels are usually deter-
mined by the number of days with temperatures higher or
lower than the optimum maximum and minimum tem-
peratures.

Delhi, according to its current climatic condition, has
negligible risks and Patna has a high risk for wheat pro-
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Climate analogue input.

duction. Ludhiana and Ranchi have moderate risks for
climatic changes based on number of days beyond the
optimum range. In the current situation, the high-risk re-
gions would lose out on yields, as compared to the low-
risk regions. Climatic change can alter the suitability of a
geographic area for crops that are typically grown there,
leading to possible changes in the type and extent of
crops that can be grown in those areas as mentioned in
Table 1 (ref. 23).

According to Figure 1, Delhi will not experience a
drastic change in average maximum temperature by 2030;
however the change in average minimum temperature is
expected to be significant, almost 0.75°C higher over
most of the crop-growing season. In a nutshell, the nights
are going to be warmer while the months of February and
March would see little difference in temperatures. Ludhi-
ana, on the other hand, is expected to see significant
changes in both maximum and minimum average tem-
perature by 2030, with an approximate increase of an
average of 0.75°C.

The expected climate change for Kanpur is minimal, as
the maximum temperatures are expected to remain simi-
lar except for a minor increase of around 0.25°C in the
months of February and March, while the minimum tem-
peratures are expected to increase in months of
November and December. Temperatures however, are
expected to rise steeply after 2030 and the variations then
are expected to be much higher compared to current
changes.

In Patna, the temperature changes are expected to re-
main as they are, with a slight trend towards an increase
in minimum temperatures (up to 0.20°C). However,
changes in minimum temperatures in December are
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Figure 3. Analogue sites for various wheat growing centres in India.
Table 1. Analysis of climatic risk for the selected sites

Site Tmax > 30 (°C) Tuin<5 (°C) Growing degree days Tw(°C)
Delhi 2 0 2212 16.4
Ludhiana 1 10 2003 14.8
Kanpur 11 1 2309 17.1
Patna 14 0 2525 18.7
Ranchi 6 0 2449 18.1

Tmax > 35 (°C) Tmin< 10 (°C) Growing degree days Tw (°C)
Akola 1 1 2664 22.2

expected to remain comparable to that current by the year
2030.

In the central region, Indore is likely to have decidedly
different temperature patterns compared to the North
West plain and North East plain zones. Temperatures
would be higher in the month of November but almost no
observable change is expected in the maximum tempera-
tures in the area. On the other hand, minimum tempera-
tures are expected to have small changes, in January and
November, with an increase of almost 0.5°C. Thus, this
area will display significant increase in minimum tem-
perature but negligible increase in maximum temperature.
This trend is foreseen until 2050 and subsequently
through 2080.

In western India, Kota will see changes in both maxi-
mum and minimum average temperatures by the turn of
the decade (0.75°C). Much like Ranchi, significant
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change is predicted post 2050. Akola, falling in the
Vidarbha region, follows a different climatic trend. Here,
the points of comparison are areas identified in the North
Western plain zone and North Eastern plain zone. No-
vember and January would see a steep temperature drop
and except in October and November, the area would not
experience overall changes in the maximum tempera-
tures. Like most other areas, until 2030, temperature
changes are likely to be minimal to insignificant here, and
after that, there would be marginal changes. It is only
after 2080 that there may be drastic changes in the area.

Climatic analogues for various sites

If we were to examine the sites in northern India, Delhi
and Kanpur have a wide spectrum of analogue sites, but
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Table 2. Yield comparison of selected sites with their respective analogue sites
Site Site Current yield of site Analogue Analogue Analogue Current yield of analogue
Site longitude latitude (tonnes/ha) sites latitude longitude (tonnes/ha)
Delhi 77.2 28.6 3.41 Mathura 27.5 717.5 3.120
3.41 Bharatpur 26.8 77.5 3.046
3.41 Sitapur 27.4 80.9 2.269
3.41 Gorakhpur 26.8 82.8 2.435
3.41 Muzaffnagar 26.2 85.2 3.296
Ludhiana 75.9 30.8 4.83 Sirsa 30.2 75.4 4.176
4.83 Karnal 29.6 77.1 4.160
Kanpur 80.1 26.4 2.92 Tonk 26.07 75.64 2.792
2.92 Narsimhapur 22.77 79.03 2.909
2.92 Munger 25.23 86.06 1.594
2.92 Gaya 24.96 84.86 1.275
Patna 84.8 25.4 1.94 Karnal 29.6 77.1 4.160
1.94 Giridh 242 86 0.00
1.94 Jhunjhunu 27.84 75.7 2.658
1.94 Jhalawar 243 76.1 3.261
Ranchi 84.9 23.6 1.70 Tonk 25.7 75.3 2.247
1.70 Lalitpur 24.7 78.4 -
1.70 Narsimhapur 22.77 79.13 2.909
1.70 Bhojpur 25.8 84.42 1.670
1.70 Maldah 252 87.6 2.292
Indore 75.9 22.7 2.73 Kachchh 23.1 69.5 2.517
2.73 Ahmedabad 22.7 71.7 1.890
2.73 Balangir 20.8 82.8 1.406
Kota 24.9 76.5 3.13 Bhilwara 25.3 74.6 2.585
3.13 Narsimhapur 22.77 79.13 2.838
3.13 Jehanabad 25.1 84.8 2.909
3.13 Sahibganj 24.8 87.6 0.000
Akola 20.5 77.3 0.94 Surendranagar 22.7 71.6 2.055
0.94 Nanded 18.8 71.7 1.218
0.94 Chitradurga 14.2 75.9 1.337
0.94 Birbhum 23.93 87.82 2.568
not Ludhiana. Ludhiana would have temperature latitude shift from its current position and have lower

conditions similar to some parts of northeast India and
certain areas in the near vicinity of its current location,
such as Haryana and Himachal Pradesh as shown in Fig-
ure 3.

Analogue sites for Ludhiana lie approximately in the
same latitude with only a minor longitudinal shift and
thus, they currently have similar yields, as compared to
the site location itself, with minor deterioration in its val-
ues. In the future, Ludhiana is expected to have a slight
reduction in wheat yields with changes in climate as men-
tioned in Table 2. The changes expected are not signifi-
cant and so likely to be overcome by slight alterations in
the sowing season or certain agricultural innovations in
order to have wheat production similar to the current
situation. Delhi on the other hand, is expected to have
several centres with similar climate although high-
probability regions are not as many. Delhi’s climate is
expected to change slightly, resembling places at lower
latitudes and moderate change in the surrounding regions.
However, if Delhi’s climatic conditions follow the pre-
dicted analogue, a significant reduction in yield is
expected in future years. This is because most of its ana-
logue sites are on 26°N latitude, which is almost a 2°
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wheat yields than Delhi itself, with analogue sites like
Gorakhpur and Muzaffarnagar having significantly lower
yields.

Similarly, in Kanpur, despite a wide spread of ana-
logue sites, a generalized trend of reduction in yield is
expected, except in the analogue site of Narsimhapur.
Analogue sites like Gaya have half the current wheat pro-
duction of Kanpur. Expected yield losses such as these
would require a lot of deliberation about dealing with
temperature changes in the near future so as to avoid
losses in wheat production. Location-wise, the analogue
sites of Kanpur region occur with an average latitudinal
shift of 2-4°S but with a significant shift in longitudes
stretched across the Indian subcontinent. Centres with
high dissimilarity are present across the country in the
states of Rajasthan, Madhya Pradesh, Bihar, and parts of
West Bengal and northeast India. A few grids in Odisha
also show a climatic dissimilarity with the current con-
ditions.

In the east, both Ranchi and Patna are expected to have
a large number of analogue sites. While Ranchi has ana-
logue sites present all across northern India, with high-
probability regions present mostly in central India and

269



RESEARCH ARTICLES

medium-probability regions in Rajasthan, most of Patna’s
analogue sites lie in the states of Haryana and Rajasthan,
with relatively fewer high-probability regions than
Ranchi. Patna is also expected to have analogue sites both
above and below its current latitudinal position with a
longitudinal shift westward of its current location.

Moving to central India, we find that the analogue sites
for both Indore and Akola are patchy and not like the
North Western plain region. While Indore’s analogue
sites are spread across the central region of the country
with a few sites in the peninsular region and in northeast-
ern India, Akola has an inconsistent representation with
the future climatic conditions in the peninsular region of
the country, wherein lie a few patches of similar condi-
tions, but with most of the sites closer to the coastal area.
In the future, Indore is expected to have analogue sites
mostly in the state of Gujarat. Ahmedabad lies on the
same latitude as Indore while Kachhch is above it and
Balangir is below in their latitudinal positions. Indore
would face longitudinal shifts to both the east and west
while Akola is expected to have both significant latitu-
dinal and longitudinal shifts. In terms of yield, Indore has
higher wheat production than its analogue sites, while it
is the reverse in the case of Akola. Thus, our results
indicate a negative change in wheat production in the
Indore region and an increased yield in Akola in
response to change of climate according to the predicted
scenarios.

Discussion and conclusions

Temperature is the most important factor among all other
climatic parameters in determining plant growth and de-
velopment, and therefore, largely impacts agricultural
productivity. It is thus crucial to generate models that can
summarize such impacts, and simulations of the re-
sponses that plant growth and development exhibit to
changes in temperature regimes need to be examined
urgently**. Hence, the knowledge of the optimum tem-
perature conditions for the growth of a particular geno-
type is fundamentally important to the successful
prediction of its maturity, adaptation and yield in a par-
ticular environment™.

Our comparisons were made specifically for the year
2030, keeping in mind the changes in agricultural tech-
niques and mechanisms that are likely to occur within the
next 20 to 30 years. While it is imperative to study these
changes in climate regimes overall, our study particularly
considered temperature alone. For a more comprehensive
understanding, we should perhaps consider other factors
such as rainfall, soil type, fertilizers and other possible or
probable future agricultural innovations.

It is also important to recognize the limitations and
consequently, the appropriate application of the Climate
Analogues Tool. The dissimilarity measures that can
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potentially be developed can be agriculturally meaningful
if they can be related to adaptation practices by farmers
or in terms of understanding actual crop yields'®. For ex-
ample, the tool can analyse results based only on climatic
conditions whereas, the performance of any crop is also
governed by its environment, including the application of
fertilizers, irrigation, and the variety of crops grown.
These factors have, however, not been considered in the
analysis of this paper. There is an inherent limitation of
computational models in determining the exact nature of
human responses in a particular location®®, although a
study could often attempt to use the best predicted eco-
nomic scenario in order to account for human responses.
In this case, since all the districts are in the Indian sub-
continent, socio-economic extrapolation and policy
changes are similar and therefore analogue sites would be
reflective of the same.

Irrespective of the many assumptions and uncertainties
associated with oft-used crop and climate models, several
analyses have pointed to the impacts of climate change on
food security’. Adaptation to climatic change would be a
key factor that is likely to shape the future severity of
climate change impacts on food production. Such adapta-
tions would require substantial investments by farmers,
governments, scientists and development organizations,
all of whom face many other demands on their resources.
The prioritization of investment needs, such as through
the identification of climate risk hot spots27 is, therefore,
a critical issue but has received limited attention to date
in the literature. Not only does the analogue tool provide
a new finding to map these hot spots, it can also be used
to find the current climate hotspots using the forward
direction analyses.

We believe that the Analogue Tool may have better
applications in the social science fieldwork, e.g. by con-
necting farmers to their possible climate futures via farm
visits. Hence, farmers would not only be able to envision
how their site-specific agricultural future might look, but
also potentially put into practice the new adaptive strate-
gies that they may witness first-hand'’. Learning from
one site, in terms of understanding the coping mechanism
from a region, may better equip other regions in the coun-
try. The peer to peer learning of farmers can be envi-
sioned as a potential method of adaptation for farmers,
especially marginal and small farmers, who may not rely
heavily on technological adaptations, and rather more on
change in farming practice.
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