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Solving groundwater depletion in India while achieving food security

Continued from 3rd issue

Crop allocation optimization. We developed a linear programming model with the objective of maximizing the expected value of the national agricultural net
revenue at the published minimum support prices for each crop. The expectation or average is taken over the 1901-2009 period using the daily precipitation
and temperature data to compute the potential crop yields at each location in the country for each growing season. Taking the district as a spatial modeling
unit, the current cost of cultivation for each of the 12 PDS’s MSP-supported crops was collected while accounting for the pumping costs. The model’s decision
variables are the fraction of the current cropped area allocated to each of the 12 PDS crops in each district. The constraints on the model include the follow-
ing:

1. Crop Demand Satisfaction at the national scale: The average annual national production of each crop should exceed its current total production. This is
to ensure that the consumption needs of the population are met.

2. Nutritional satisfaction at the national scale: The nutritional needs of the national population are met with the total production of all crops. This empha-
sizes a balanced diet rather than just meeting the food caloric needs, which had been the major driver for the predominance in cereal production (rice-wheat-
maize) during the Green Revolution.

3. Water Supply limit at the district scale: Two scenarios were considered for irrigation. The total irrigation water and the irrigated area used in each district
are limited to current levels (“Irrigation Capped”) or to zero (“Irrigation Zero”). This ensures sustainable water use per district and avoids considering the cost
of adding new irrigation infrastructure in places that are currently not equipped for irrigation. For the “Irrigation Zero” scenario, we were curious to see if it

was possible to meet the PDS crop requirements with no irrigation. The “Irrigation Capped” scenario acknowledges that farmers who have invested in ir-
rigation may want to continue using it, as we seek the best crop allocation using irrigation across the country. Since the irrigated area in a district is often a
fraction of the total cropped area, the “Irrigation Capped” scenario also considers non-irrigated agriculture at the same fraction of cropped area for each

district.

4. Land Use at the district scale: Restriction of the cropped area per district to the current cropped area. This assures that we explore the possibility of crop
substitution without increasing the total cropped area in any district, thus avoiding any deforestation or land-use changes. Climate variability and its impact
on the yield of Kharif season crops were considered using daily precipitation
and temperature data covering 109 years (1901-2009) for both irrigation sce-
narios. A detailed description of the l N D I A G R D U N DWATE R model is provided in the Methods section.
We identified the suitability of each : e i crop for each district based on soils and
climate along with any evidence that it is currently grown in that area.

An extensive data set on district ‘....... . ..... . . .| cm / y crop yields per unit area under “Irrigation
| | | | | | | | |

Capped” and

“Irrigation Zero” conditions was -3 ; 3 4 compiled from historical government sur-
vey data. Historical daily precipi- tation and temperature data from 1901
to 200919,20 were used to repre- sent climate variability, its impact on crop
water requirements, irrigation wa- ter requirements, and on the annual vari-
ation in the survey-reported crop yield at the district level, using Food and
Agricultural Organization (FAO) methods21. The costs, nutritional con-
tribution, and groundwater and energy use for the crops were estimated
annually. Averaging over the 109- years climate scenario provided the aver-
age annual contributions to the net revenue function and to the constraints.
We used only the Kharif (summer Monsoon) season for crops and irrigation
in our analyses but used annual values for the procurement targets and
nutrition. National farm income and food security. For the “Irrigation Zero”
agriculture scenario, we consider no irrigation across India.Crop yields for
each district fluctuate based on the local daily rainfall pattern and water defi-
cit with respect to the daily water requirement for each crop each year. The
most remarkable conclusion is that just from the Kharif season, it is possible
to choose a spatial cropping pat- tern that meets the annual PDS targets
for crop production, even under the “Irrigation Zero” scenario, with a positive
impact on net national net farm revenue.

A comparison of the current
national revenue, production, and
tional agricultural net revenue (Eq.
from the proposed pattern for the
lion, 5% greater than the revenue of
rent PDS cropping practice. Based
75 INR. Net national revenue of INR
tion Capped” scenario, ~30% higher
agricultural revenue under the “Ir-

versus optimal aggregate values of the
nutrition is provided in Fig. 2. The na-
(7) (methods)) for the PDS crops generated
“Irrigation Zero” scenario is INR 3.06 tril-
INR 2.90 trillion generated from the cur-
on August 2020 Exchange rates, 1 USD =
3.74 trillion is generated from the “Irriga-
than the current revenue. The net national
rigation Zero” scenario increases through

higher oilseeds production while meeting the current minimum production
for rice, cereals, and pulses. Un- der the “Irrigation Capped” scenario, the
net national agricultural revenue is increased by increasing the tonnage of

pulses and oilseeds while meeting the other crops’ minimum quantity. The nutritional value derived from the new national PDS production meets or exceeds
the recommended intake and is greater than the current nutritional intake. The caveat is that it does require the government to procure more pulses and
oilseeds than it currently does.

Optimal cropping patterns, water, and energy use. The spatial distribution of the optimal cropping pattern under the two water supply scenarios is shown
as a percent increase or decrease relative to the existing net-cropped area for each crop type in each district, in Fig. 3 (please refer to Fig. S2 for a map with
Indian state names). Under both scenarios, Northern, Central Northeastern, and parts of Southern India emerge as the ideal locations for cultivating rice. The
cultivated rice area in the northern arid states of Punjab, Haryana, and the Indo-Gangetic Plain, where over 50% of the PDS procurement occurs, is reduced
by over 75%. It is interesting, but not surprising, to note that these current sourcing regions are reduced significantly under both scenarios, despite their
relatively high productivity, reflecting the water supply imbalance that is driving groundwater depletion and high subsidized energy use in these regions.

Other cereals (jowar, bajra, maize, and ragi), which require less irrigation compared to rice, emerge as the crops best suited in the northern states of Punjab
and Haryana, southern and eastern Andhra Pradesh (undivided as of 2001), and Chhattisgarh. This is the case even given their lower yields per unit area in
these regions. Pulses increase in the districts in the Indo-Gangetic Plain. Similarly, for oilseeds, Rajasthan, Gujarat, Maharashtra, Orissa, and Tamil Nadu
emerge as better cultivating locations. These “optimal” cropping patterns are broadly consistent with the cropping patterns that existed in the Northwest and
Indo- Gangetic Plains before the Green Revolution and before the Government of India’s PDS procurement strategy (private conversations with farmer net-
works). This confirms that the current PDS strategy inadvertently created an anomaly that contributes significantly to water resource stress. The cropping

pattern that had traditionally existed was better optimized to the regional variations in climate. We performed a sensitivity analysis on the net unit revenue
(i.e., support price—the unit cost of cultivation) for the different crops and found that the optimal spatial allocation for rice, other cereals, and oilseeds is robust
to these changes. The spatial crop allocation pattern from the optimization model does not change even if net unit revenue for each of these crops was reduced
one at a time by 10-50% (see Fig. S3 in the supplemental material). However, the spatial allocation of pulses is sensitive to the net unit revenue, suggesting
that the government should give careful consideration to the minimum support price offered for pulses to ensure proper targeting of procurement areas. Non-
economic factors such as traditional crop choices in a region may be a factor in the allocation in addition to the support price. The current cost of cultivation
for some states to which rice is moved (for example, over INR 700 per 100 Kg in Madhya Pradesh, West Bengal, and the Northeastern States), is higher than
the cost of cultivation for rice in an arid state (e.g., INR 416 per 100 kg in Punjab) from which rice is moved by the model. This reflects a difference in rice yield
(e.g., 4.5 tons/hectare in Punjab to 1.5 tons/hectare in some of the other states) due to agricultural practices. The crop shift despite these yield and cost dif-
ferences reinforces the importance of the water constraint in the model.

Technological innovations (e.g., appropriate cultivars, fertilizer, and harvesting practices) could reduce the cost of cultivation or equivalently increase the
yield per unit land) making the shift even more attractive. Labor markets in some of these states may already be more attractive than in states like Punjab that
import most of their farm labor. At the national level, the “Irrigation Capped” agricultural scenario used slightly less irrigation water (130 Billionm3) compared
to the one based on the current cropping pattern (146 Billionm3). The “Irrigation Zero” scenario uses no irrigation water, saving 146 Billionm3. Correspond-
ingly, the total aggregate national-level energy usage under the “Irrigation Zero” (“Irrigation Capped”) agricultural scenario is 0 (25797) GWh, compared to the
current usage of 26252 GWh at the national level.
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