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ABSTRACT 

 

Historically, India has relied heavily on groundwater for agriculture with approximately, 80% of 

irrigated water being sourced from groundwater. This paper aims to analyze the relation between 

the production of water intensive crops and groundwater depletion in India. I study the crop 

production of 3 crops: sugarcane, cotton and rice and hypothesize that there exists a positive 

relationship between the production of water intensive crops and groundwater depletion. Using a 

novel dataset, I estimate time fixed effects and Generalized Methods of Moments (GMM) models 

to study this relationship. The fixed effects model shows that an increase of 1% in total area under 

production of rice, sugarcane and cotton is associated with an increase of 0.009 % in the distance 

between the ground level and the groundwater table, which is approximately equivalent to a loss 

of 7,191 liters of groundwater per Hectare. Using GMM, I find that a fall of 22,372 liters of 

groundwater associated with a 1 Ha increase in total area under production of highly water 

intensive crops. The results have critical policy implications for groundwater management and 

agricultural practices in India. These include solutions like watershed management and better 

rainwater harvesting to reduce the overdraft from the country’s “water banks”. In particular, based 

on my findings, I propose a review of energy subsidies in the agricultural sector especially as they 

may create perverse incentives to grow water intensive crops in areas where groundwater is low. 

The results also highlight the need for inclusion of groundwater as a critical input in the Soil Health 

Cards scheme, which is currently being rolled out by the Government of India. Sustainable crop 

choices can be made by considering groundwater levels, especially in the case of water intensive 

crops, as their production is related to the overdraft in India’s water banks.  
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1. Introduction 
 

This paper is motivated by the growing challenge of groundwater depletion in India. India is the 

largest user of groundwater for agriculture in the world.1 According to a World Bank report 70% 

of the irrigated area in India relies on groundwater.2 Figure 1 shows the how the use of wells for 

irrigation increased from 1950 to 2000. Wells source the water from the groundwater table. As 

evident from the figure, the growing demand of groundwater for irrigation is steep relative to the 

flat growth of canals (surface water) for irrigation. Groundwater is getting depleted mainly due to 

the excessive demand for cropland irrigation3. 

Figure 1: Growth of Irrigation in India by Source                         

                                          

 

 

 

 

 

 

 

The pressure of agriculture on groundwater is exacerbated by highly water intensive crops like 

sugarcane, cotton and rice.4 Cotton farmers use on average between 7,000 and 29,000 liters of 

                                                        
1 Integrated Water Resources Management in Informal Water Economies: Fitting Reforms to 

Context, Tushaar Shah, International Water Management Institute (2005) 
2 India's Water Economy World Bank (2006) 
3 Rodell, Matthew, Isabella Velicogna, and James S. Famiglietti. "Satellite-based estimates of 

groundwater depletion in India." Nature 460, no. 7258 (2009): 999-1002. 
4 Thirsty Crops, WWF(2013, January 15) 

http://www.inforesources.ch/pdf/Tushaar_Shah_IWRM.pdf
http://www.inforesources.ch/pdf/Tushaar_Shah_IWRM.pdf
https://openknowledge.worldbank.org/bitstream/handle/10986/7238/443760PUB0IN0W1Box0327398B01PUBLIC1.pdf?sequence=1
http://www.nature.com/nature/journal/v460/n7258/abs/nature08238.html
http://www.nature.com/nature/journal/v460/n7258/abs/nature08238.html
http://www.worldwildlife.org/publications/thirsty-crops-our-food-and-clothes-eating-up-nature-and-wearing-out-the-environment
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water per kg., rice around 3,000 to 5,000 liters per kg., and sugarcane up to 3,000 liters of water 

per kg of production4. Due to the water intensive nature of cotton, sugarcane, and rice, I 

hypothesize that the cultivation of these crops leads to a depletion of groundwater. In order to 

analyze this relationship, I constructed a novel dataset (See section 3: Data and Methods) that has 

district-year observations on distance between ground level and water table in India from 2005 

and 2011, and district-year observations for area under production of sugarcane, cotton and rice 

from 2004 to 2011. The dependent variable depth to groundwater table is the distance from the 

ground level at which the water table is encountered, measured in meters below ground level or 

mbgl. The independent variable is total area under production (hectares) of highly water intensive 

crops like rice, cotton and sugarcane.   

Applying a static and dynamic panel data estimation methods, the results of a static fixed 

effects model suggests that an increase of 1 Ha of total area under crop production is associated 

with a fall of 7,191 liters according to the fixed effects model (for the period of 2005 to 2008). The 

dynamic GMM estimation suggests a fall of 22,372 liters of groundwater associated with a 1 Ha 

increase in total area under production of highly water intensive crops from 2005 to 2011. The 

empirical results of this research suggest the need for policy solutions for promoting groundwater 

management and rainwater harvesting, especially in districts that cultivate intensive crops like 

sugarcane, cotton and rice.  

Researchers have found how electricity subsidies in agriculture result in the fall of 

groundwate. 5  Other studies find that depletion in groundwater results in declining crop 

                                                        
5 See Shah, Tushaar, Aditi Deb Roy, Asad S. Qureshi, and Jinxia Wang. "Sustaining Asia’s 

groundwater boom: An overview of issues and evidence." In Natural Resources Forum, vol. 27, 

no. 2, pp. 130-141. Blackwell Publishing Ltd, 2003. And Scott, Christopher A., and Tushaar 

Shah. "Groundwater overdraft reduction through agricultural energy policy: insights from India 

and Mexico." International Journal of Water Resources Development 20, no. 2 (2004): 149-164. 

http://onlinelibrary.wiley.com/doi/10.1111/1477-8947.00048/abstract
http://onlinelibrary.wiley.com/doi/10.1111/1477-8947.00048/abstract
http://onlinelibrary.wiley.com/doi/10.1111/1477-8947.00048/abstract
http://www.tandfonline.com/doi/abs/10.1080/0790062042000206156#.Vw8ScvkrKUk
http://www.tandfonline.com/doi/abs/10.1080/0790062042000206156#.Vw8ScvkrKUk
http://www.tandfonline.com/doi/abs/10.1080/0790062042000206156#.Vw8ScvkrKUk
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prductivity.6 My findings show how groundwater depletion is exacerbated by the production of 

water intensive crops. The results of this research complement recent findings that depletion of 

groundwater is related to production of crops that have a high water requirements.7 Ultimately, my 

findings help make the case that farmers who grow water intensive crops are exposed to  risks of 

climate change and face the need for climate adaptation, as groundwater depletion is related to the 

production of water intensive crops. As I recommend groundwater management and rainwater 

harvesting, these solutions would be more effective if accompanied with capacity building of 

farmers to build harvesting systems and practice sustainable agriculture. This is especially 

important if it is difficult for farmers to switch to less water intensive crops.  This paper also 

recommends a review of policies that create the perverse incentives for cultivation of water 

intensive crops in areas where the goundwater is stressed and cannot meet irrigation demands. 

Research suggests that if measures are not taken for sustainable management of groundwater, 

consequences would include fall in agricultural output and shortage of potable water, potentially 

aggravating existing socio-economic vulnerabilities in rural India.3 My findings, thus contribute to 

the existing literature that makes the case for sustainable agriculture and better groundwater 

management. 

 

 

 

 

                                                        
6 Sekhri, Sheetal. Missing Water: Agricultural Stress and Adaptation Strategies in Response to 

Groundwater Depletion in India. No. 406. University of Virginia, Department of Economics, 

2013 
7 Kaur, S., & Vatta, K. (2015), Singh (2013) and Humphreys et al. (2010) 

ftp://dlib.info/opt/ReDIF/RePEc/vir/virpap/papers/virpap406.pdf
ftp://dlib.info/opt/ReDIF/RePEc/vir/virpap/papers/virpap406.pdf
ftp://dlib.info/opt/ReDIF/RePEc/vir/virpap/papers/virpap406.pdf
http://www.currentscience.ac.in/Volumes/108/04/0485.pdf
https://globaljournals.org/GJSFR_Volume13/4-Depleting-Water-Resources-of-Indian.pdf
https://www.researchgate.net/publication/251449015_Halting_the_Groundwater_Decline_in_North-West_India-Which_Crop_Technologies_will_be_Winners
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2. Literature Review, Hypothesis, and Conceptual Framework 
 

There has been substantial debate in agriculture policy about sustainable practices.8 This 

particularly pertains to India, as agricultural production remains an important source of livelihood 

for the country’s rural households.9 Climate change and groundwater depletion pose a great threat 

to these livelihoods. For example, India is witnessing the highest decline of groundwater in the 

world.3 At the same time, it is the world’s 2nd largest producer of three water intensive crops: 

sugarcane, cotton and rice.10 Studies used satellite monitoring from NASA's Gravity Recovery and 

Climate Experiment (GRACE) program to show that groundwater in India is being depleted at the 

rate of 4.0 +/- 1cm per year in the states of Rajasthan, Punjab, Haryana and Delhi (North West 

India) and from August 2002 to October 2008 an equivalent of 109 cubic km of groundwater was 

lost. 3 According to the researchers, this volume is double the capacity of India’s largest surface 

water reservoir.  

 

According to the World Resources Institute, the cultivation of water guzzling crops like 

sugarcane and rice in areas with scarce water is an example of poor water management.11 Crop 

selection and cultivation practices play a large role in the depletion of groundwater, as water 

intensive crops exacerbate the problem of groundwater depletion. The water application for rice 

in Punjab is 2 to 2.5 m per year whereas the rainfall is 0.5 to 1 m a year12, which indicates how the 

                                                        
8 See Gliessman, Stephen R (1990), Horrigan, L., Lawrence, R. S., & Walker, P. (2002), and 

Kumar, M. Dinesh (2003)  
9 Employment in agriculture (% of total employment), World Bank 
10 Food and Agricultural Organization of the United Nations (2012) 
11 India’s Growing Water Risks, World Resources Institute (2015) 
12 Perveen, Shama, Chandra K. Krishnamurthy, Rajinder S. Sidhu, Kamal Vatta, Baljinder Kaur, 

Vijay Modi, and U. Lall. "Restoring groundwater in Punjab, India’s breadbasket: finding 

agricultural solutions for water sustainability." Columbia Water Center–White Paper (2012). 

http://www.iwmi.cgiar.org/Publications/Working_Papers/working/WOR60.pdf
http://data.worldbank.org/indicator/SL.AGR.EMPL.ZS
http://www.wri.org/blog/2015/02/3-maps-explain-india%E2%80%99s-growing-water-risks
http://water.columbia.edu/files/2012/08/PunjabWhitepaper-Final-Version-2-July-20121.pdf
http://water.columbia.edu/files/2012/08/PunjabWhitepaper-Final-Version-2-July-20121.pdf
http://water.columbia.edu/files/2012/08/PunjabWhitepaper-Final-Version-2-July-20121.pdf
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cultivation of water itensive crops could be related to the depletion of groundwater table. So 

farmers who grow water intensive crops need to be provided with the training and capacity to 

develop rainwater harvesting, better groundwater management and practice sustainable 

agriculture. 

 

Groundwater depletion in India is becoming an increasingly serious challenge also because 

of other perverse incentives. Intensive agriculutral practices and agricultural policies have 

significant adverse implications on groundwater.13 In India one of the important policy discussions 

is on agricultural subsidies. Irrigation water is one of the inputs that has a significant share in 

agriculutral subsidies in India.14 According to research, subsidies lead to groundwater depletion 

by creating the perverse incentives for farmers to grow highly water intensive crops.15 Researchers 

propose that electricity for high water crops should be priced at higher prices than crops that require 

lower water for cultivation. 16  A policy recommendation of my research, is an emphasis on 

reforming subsidies to ensure they do not create the perverse incentives of growing groundwater. 

However, this could prove to be politically difficult to achieve. My findings that groundwater 

depletion is related to water intensive crops, coupled with the existing research that a negative 

effect of ground water depletion on crop productivity, help with the poltiical issue framing to create 

the need for a review of subsidies. 6 This makes better groundwater management and crop selection 

                                                        
13 Tilman, David, Kenneth G. Cassman, Pamela A. Matson, Rosamond Naylor, and Stephen 

Polasky. "Agricultural sustainability and intensive production practices." Nature 418, no. 6898 

(2002): 671-677. 
14 Salunkhe, Rajanee, M. U. Kale, S. B. Wadatkar, and K. V. R. Rao. "IJTA." (2011). 
15 Badiani, Reena, and Katrina Jessoe. The impact of electricity subsidies on groundwater 

extraction and agricultural production. Working paper, University of California at Davis, 2013. 
16 Chandrakanth, M. G., and Jeff Romm. "Groundwater depletion in India-Institutional 

management regimes." Nat. Resources J. 30 (1990): 485. 

http://www.nature.com/nature/journal/v418/n6898/abs/nature01014.html
http://www.nature.com/nature/journal/v418/n6898/abs/nature01014.html
http://www.nature.com/nature/journal/v418/n6898/abs/nature01014.html
http://serialsjournals.com/serialjournalmanager/pdf/1435392281.pdf
http://economics.ucdavis.edu/events/papers/Jessoe51.pdf
http://economics.ucdavis.edu/events/papers/Jessoe51.pdf
http://heinonline.org/HOL/LandingPage?handle=hein.journals/narj30&div=43&id=&page=
http://heinonline.org/HOL/LandingPage?handle=hein.journals/narj30&div=43&id=&page=
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more politically expedient, especially for farmers who grow high water intensive crops. This 

research paper helps complete the circle by providing evidence on how depletion of groundwater 

is related to production of water intensive crops, which ultimately reduces crop productivity. 

 

Conceptual Framework 

The first component for the study of this relation (and the dependent variable in the 

empirical model in this research) is distance from the ground level to the groundwater table in 

districts of India. The Central Ground Water Board of India (CGWB) publishes annual reports on 

groundwater and the 2014 report provided information on the present condition of groundwater in 

India.  According to the report, in major parts of north-western states the depth to water level 

generally ranges from 10-40 mbgl. In the western parts of the country, distance to water level is 

greater, recorded in the depth range of 20-40 mbgl and more than 40 mbgl. In many parts of Delhi 

and Rajasthan distance of more than 40 mbgl is recorded. 17 The data in the report by CGWB aligns 

with Figure 2, which is a map by the International Water Management Institute (IWMI) and shows 

the states where the groundwater is stressed. The map shows that the Western, North Western 

states of India mainly have overexploited the groundwater. The map of groundwater condition in 

India in Figure 2 aligns with the findings that groundwater depletion is especially problematic in 

the North Western parts of India. 3 

                                                        
17 See Ground Water Year Book 2013-2014, Central Groundwater Board, Ministry of Water 

Resources, India, July 2014 

http://www.cgwb.gov.in/documents/Ground%20Water%20Year%20Book%202013-14.pdf
http://www.cgwb.gov.in/documents/Ground%20Water%20Year%20Book%202013-14.pdf
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Figure 2: Map of Groundwater Status in India (IWMI) 

 

One reason why judicious usage and management of groundwater is complex is that groundwater 

is a public good, which makes its exploitation a classic problem of collective action. This 

necessitates sound government policies for the conservation and judicious management of 

groundwater. Research suggests that groundwater has the characteristics of a public good, which 

means that the government must act as a steward over the resouce. 18  As groundwater has 

characteristics of a public good, the incentives for better groundwater management are weak. As 

such, cultivation of highly water intensive crops like sugarcane, cotton and rice could increase the 

demand for irrigation using groundwater, leading to its depletion.  

                                                        
18 See EU Commission study: Görlach, Benjamin, and Eduard Interwies. "Economic assessment 

of groundwater protection: a survey of the literature." Berlin: Ecologic (2003). 

 

http://ec.europa.eu/environment/water/water-framework/pdf/grounwater_protection.pdf
http://ec.europa.eu/environment/water/water-framework/pdf/grounwater_protection.pdf
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This paper uses area under production of highly water intensive crops to study the effect 

of cultivation of sugarcane, cotton and rice on groundwater depletion. Figure 3 explains the 

different components of the transmission mechanims that could explain how cultivation of 

sugarcane, cotton and rice is related to groundwater depletion.  

Figure 3: Transmission Mechanism of the Relation between Groundwater depletion and Production of 

Water Intensive Crops 

 

Step 1 describes the how the market appeal influences farmers to produce sugarcane, rice, which 

distorts production incentives. Farmers expect greater profits despite greater risks of crop failure 

due to high water requirement of these crops.16 This incentive structure operates even when the 

farmers perceive low availability of rainfall or groundwater. Farmers in the state of Maharashtra 

perceived groundwater depletion to a high extent, but despite the high perception of groundwater 

depletion and familiarity with adaptation options, the farmer’s preference and ability to adapt using 

more sustainable agricultural practices was not good enough.19 As the effects of climate change 

                                                        
19 Udmale, Parmeshwar, Yutaka Ichikawa, Sujata Manandhar, Hiroshi Ishidaira, and Anthony S. 

Kiem. "Farmers׳ perception of drought impacts, local adaptation and administrative mitigation 

Market appeal  
Lack of incentives and capacity to 
use groundwater judiciously. 

Step3: Reduced 
productivity/ Crop 

Failure 

Step1: Production of 
water intensive crops 

Step2: Groundwater 
Depletion 

Step 4: Government 
Assistance (Subsidies) 

http://www.sciencedirect.com/science/article/pii/S2212420914000818;
http://www.sciencedirect.com/science/article/pii/S2212420914000818;
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have increased in the past few decades, farmers lack the knowledge to make informed decisions 

about crop choice and other climate adaptation strategies. 20 Majority of farmers also fall in the 

low annual income group20 and thus would lack the capacity to change land to grow crops where 

groundwater availability is higher, especially in India, where the land market does not exist due to 

poorly enforced property rights. Step 2 describes groundwater depletion and how lack of incentives 

to use groundwater judiciously or the capacity to manage groundwater water better, while growing 

water intensive crops lead to groundwater depletion. Step 3 describes reduced productivity or crop 

failure due to reduced groundwater as found by existing research. Step 4 of the transmission 

mechanism demonstrates how government policies like electricity subsidies for irrigation using 

pumps, lead to farmers selecting water intensive crops, which then further exacerbate the problem 

of groundwater depletion. 46% of total agricultural subsidies are electricity subsidies for 

groundwater irrigation and that the availability of low cost electricity for irrigation created the 

perverse incentives to produce water intensive crops like sugarcane.21 Against this background, I 

argue that production of water intensive crops is related to the depletion of groundwater table. In 

areas where groundwater is already stressed, policy solutions for better groundwater management, 

rainwater harvesting and sustainable agriculture would be helpful. In addition to this, farmers must 

be provided the capacity to practice sustainable agriculture and water harvesting, especially if they 

cultivate highly water intensive crops like sugarcane, cotton and rice.  

                                                        
measures in Maharashtra State, India." International Journal of Disaster Risk Reduction 10 

(2014): 250-269. 
20 Satishkumar, N., Prabhuling Tevari, and Amit Singh. "A Study on Constraints Faced by 

Farmers in Adapting to Climate Change in Rainfed Agriculture." J Hum Ecol 44, no. 1 (2013): 

23-28. 

 
21 See Rationalizing Energy Subsidies in Agriculture: A scoping study of agricultural subsidies 

in Haryana, India, International Institute for Sustainable Development 

http://www.sciencedirect.com/science/article/pii/S2212420914000818;
http://www.sciencedirect.com/science/article/pii/S2212420914000818;
http://www.krepublishers.com/02-Journals/JHE/JHE-44-0-000-13-Web/JHE-44-1-000-13-Abst-PDF/JHE-44-1-023-13-2463-Satishkumar-N/JHE-44-1-023-13-2463-Satishkumar-N-Tx%5B3%5D.pmd.pdf
http://www.krepublishers.com/02-Journals/JHE/JHE-44-0-000-13-Web/JHE-44-1-000-13-Abst-PDF/JHE-44-1-023-13-2463-Satishkumar-N/JHE-44-1-023-13-2463-Satishkumar-N-Tx%5B3%5D.pmd.pdf
http://www.krepublishers.com/02-Journals/JHE/JHE-44-0-000-13-Web/JHE-44-1-000-13-Abst-PDF/JHE-44-1-023-13-2463-Satishkumar-N/JHE-44-1-023-13-2463-Satishkumar-N-Tx%5B3%5D.pmd.pdf
http://www.krepublishers.com/02-Journals/JHE/JHE-44-0-000-13-Web/JHE-44-1-000-13-Abst-PDF/JHE-44-1-023-13-2463-Satishkumar-N/JHE-44-1-023-13-2463-Satishkumar-N-Tx%5B3%5D.pmd.pdf
http://delta.iisd.org/publications/rationalizing-energy-subsidies-agriculture-scoping-study-agricultural-subsidies-haryana
http://delta.iisd.org/publications/rationalizing-energy-subsidies-agriculture-scoping-study-agricultural-subsidies-haryana
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3. Data and Methods 
 

In order to test my central hypothesis, I constructed a dataset that based on several Government of 

India sources. The dependent variable is the depth to groundwater (distance of the groundwater 

table from the ground level), measured in meters below ground level (mbgl). The data is collected 

from the Central Ground Water Board of India. Groundwater data is available at the district level 

for India from 2005 to 2011. 

Figure 4: How depth to groundwater (dependent variable) is measured 

 

Figure 4 explains how depth to groundwater is measured. Depth to groundwater is the distance 

(red arrow) from the ground level to the point where the groundwater table is first encountered.   

 

Figures 5, 6, 7, and 8 below show the trends of groundwater depletion (depth to groundwater) and 

crop production of water intensive crops in selected states. The states of Haryana, Punjab, and 

Rajasthan belong to North West India, groundwater depletion is high. 3 The state of Uttar Pradesh 

in Northern India also shows patterns that align with the hypothesis that groundwater depletion is 

related to production of water intensive crops.  

 

Groundwater 

Ground level 

Depth to the groundwater 
table (meters below ground 
level or mbgl) 
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Figure 5: Groundwater Trends in Haryana 

 

Figure 6: Groundwater Trends in Punjab 
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Figures 5 shows positive relation between groundwater depletion and production of water 

intensive crops from 2007 onwards for Haryana. Figure 6 shows positive relation between 

groundwater depletion and production of water intensive crops from 2008 onwards for Punjab.  

Figure 7: Trends in Uttar Pradesh 
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Figure 8: Trends in Rajasthan 

  

 

Figure 7 shows a positive relation between groundwater depletion and crop production in Uttar 

Pradesh from 2006 to 2010. Figure 8 shows a positive relation between groundwater depletion 

between groundwater depletion in Rajasthan from 2007 to 2008 and then 2010 to 2011.  

 

Key independent variable 

The key independent variable is area under production (Hectares) for 3 water intensive 

crops -sugarcane, cotton, and rice. I use these 3 specific crops because according to the World 

Wildlife Fund, as noted above, cotton, rice and sugarcane are highly water intensive; cotton 

farmers use on average between 7,000 and 29,000 liters per kg. produced; rice around 3,000 to 

5,000 liters per kg and sugarcane up to 3,000 liters of water per kg of production. My data on crop 
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production is from the Crop Production Statistics Information System from the Directorate of 

Economics and Statistics, Ministry of Agriculture and Farmers’ Welfare, India.22 The data is 

available from 1993 to 2014, but due to limitations in the range of years available in the 

groundwater data, the sample is restricted to 2004-2011. While the groundwater data is from 2005 

to 2011, this study uses crop production data from 2004 to address reverse causality by lagging 

the model. Crop production in this study is measured as area under production in Hectares. Crop 

production data was also available in terms of yield, however I chose the metric as area under 

production in Hectares instead of yield because the data on yield was measured in Tonnes, which 

is not helpful as rice, sugarcane and cotton cannot be compared by weight without making some 

assumptions. Also due to the spatial nature of groundwater, a spatial variable like area is reasonably 

more appropriate.  

 
Descriptive Statistics  

 
In order to study whether the production of water intensive crops has an effect on groundwater 

depletion, I collected the data on groundwater levels and area under production of rice, cotton and 

sugarcane and the data is characterized by the following descriptive statistics:  

Table 1 shows that the average depth to the groundwater table in India is 7.99 meters. The mean 

for total area under crop production is 101054.9 Hectares (Ha).   

Table 1: Descriptive Statistics 

                                                        
22 Crop Statistics Database, India 

Variable   

 

Mean         Standard 

Deviation 

Minimum Maximum 

Depth to the groundwater table in meters 

(meters) 

7.99   7.29    0.25 70.78 

Total area under crop production 

(Hectares) 

1,01,054.9 1,13,517.4          0 1,128,271 

file:///C:/Users/cps56/Downloads/Crop%20Statistics%20Database,%20India
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The standard deviation in the depth to the groundwater table variable is high, given how close it is 

to the mean, which is something that can be reasonably expected given India’s agro-climatic and 

geographical diversity. The standard deviation for area under crop production is also high, which 

can again be attributed to India’s agro-climatic diversity. Due to the high deviation in both 

variables this study uses logs of both depth to the groundwater table and total area under crop 

production variables. The dataset is a district-year panel dataset with 524 districts and 28 States. 

The years range from 2005 to 2011.  

 

Controls 

At present the data for the appropriate controls is not available at the district-year level for 

India. The data available was highly limited. However, Appendix I describes all the relevant 

control variables for future improvement of the empirical model for this analysis. Due to the 

absence of data control variables, I estimate a time and district fixed effects model. In the static 

panel estimation, I include time and district fixed effects as described in the Methods section 

below.  

Methods 

The hypothesis of this study is that the depth to the groundwater table is expected to 

increase with an increase in total area under production of water intensive crops. The study uses 

fixed effects OLS models to analyze the relationship between groundwater depletion and 

production decisions on a district level. The model can be written such that: 

DepthtoGroundwaterit (metres below ground level)= β0 + β1(AreaUnderCropProduction)it 

(Hectares) + Districtt + Yeari + e 

where it captures district (i) at time (t), District captures district fixed effects, Year represents year 

fixed effects, and e is the error term. 
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Including district and time fixed effects is helpful for this study, as data on a number of control 

variables is not available. In fact, the inclusion of district fixed effects allows me to minimize 

omitted variables bias by accounting for variation arising from differences between districts that 

do not change over time such as location specific effects. Examples of location specific effects 

include size of district, types of irrigation technologies (farmers would not be frequently changing 

the technologies they use for irrigation once they invest in one type), cropping patterns and crop 

choice for farmers of each district. I also include time fixed effects that allows me to control for 

temporary shocks that impact all districts in one year in a systemic way. Examples include annual 

rainfall or a nationally deployed scheme/ policy that remains constant across districts, but may 

change across 2005 to 2011. The time range for the dataset has been divided into two separate time 

frames. I first run OLS with and without fixed effects from 2004 to 2008 and then from 2009 to 

2011. I chose to stratify my data from 2004 to 2008 and then from 2009 to 2011 because data on 

annual rainfall performance in the country (Appendix II) reveals that 2009 was a year of 

abnormally low rainfall (78% of normal rainfall, which is considered “deficient”).   

 The regular OLS model may have limitations due to the potential problem of selection 

bias, in that farmers only grow crops where there is enough groundwater. However, agriculture in 

India consists primarily of subsistence farming and majority of farmers in India belong to the low 

income group; this, along with the complex system of land rights in India, makes it difficult for 

farmers to simply move to better land for their crops.20 Resultantly, they simply grow crops on the 

land available to them, even despite the gradual depletion of groundwater over the years. This 

depletion of groundwater is exacerbated if the crops grown on the land are water intensive crops 

like cotton, rice, and sugarcane (or staple crops like rice). 
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The fixed effects model has some additional limitations, as it does not account for the 

dynamic mechanisms involved in hydrological processes and agro climatic phenomenon. For this 

purpose, I also use the Generalized Method of Moments (GMM) technique. A dynamic panel 

specification (GMM) helps account for several factors and thus removes potential biases when 

estimating these relationships. First, there could also be some lag or inertia between the time when 

groundwater is used for watering crops and the time when the groundwater level falls. The dynamic 

panel approach allows controlling for this effect. Second, a static panel estimation strategy cannot 

eliminate a potential bias arising from dynamic feedback effects. There is a possibility that, with 

erratic climate and rainfall variability, traditional knowledge and decision making by farmers is 

not proving to be helpful in recent years. Other feedback effects include natural, hydrological 

processes such as evaporation and transpiration that would threaten the robustness of results of a 

static panel specification. In fact, causality may also run in the reverse direction, as groundwater 

could also affect crop production. So, a dynamic panel model ensures that reverse causality does 

not bias the main findings. In this context, using a lagged variable of crop production as an 

instrument for groundwater in a given year, helps to minimize a potential statistical bias. Third, an 

important assumption for the validity of OLS estimates is that error terms are not correlated across 

times and groups. As the amount of crop production does not vary dramatically over time, 

persistence effects might give rise to serial correlation that would bias my results. The GMM model 

helps overcome this problem by using the observations for depth to groundwater table from the 

previous year to instrument for crop production in the present year, which in turn is used to predict 

groundwater in the present year.  
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5. Results     
 
The results of my regressions are presented in Table 2, whereby Model 1 and 2 include the 

results from an OLS regression of depth to the groundwater table (log) on total area  

under crop production (log) for the first half of the time range from 2005 to 2008.  

 
Table 2: Results OLS, Fixed Effects, GMM 2005 to 2008, 2009 to 2011 

 

*** p<0.01, ** p<0.05, * p<0.1 

Standard errors in parentheses 

 

Results of model 1 suggest a negative correlation between total area under production of highly 

water intensive crops and depth to the groundwater table. This is contrary to my hypothesis as it 

suggests that an increase in the production of highly water intensive crops is associated with a 

decrease in the depth to the groundwater table, which means groundwater levels increase. 

However, many variables are related to the depth to the groundwater table and total area under 

 Year<=2008 Year>2008 GMM All Years 

 (1) (2) (3) (4) (5) (6) 

VARIABLES Depth to the 

groundwater 

table (log) 

Fixed 

Effects 

Depth to the 

groundwater 

table (log) 

Fixed 

Effects 

Depth to the 

groundwater 

table (log) 

Fixed 

Effects 

       

logcrop_total -0.049*** 0.0093*** -0.004 -0.009*** 0.017*** 0.028*** 

 (0.005) (0.003) (0.003) (0.002) (0.001) (0.011) 

L.logGWD      -

0.172*** 

      (0.034) 

Constant 2.484*** 1.903*** 2.073*** 2.147*** 1.846***  

 (0.0486) (0.0334) (0.0334) (0.0241) (0.0119)  

       

Observations 1,837 1,837 1,458 1,458 3,295 2,176 

R-squared 0.058 0.017 0.001 0.050   

Number of 

districts 

- 465 - 521 523 459 

District FE  YES  YES - - 

Year FE  YES  YES  YES 
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crop production, but are not included in the OLS Model 1, which could cause omitted variable 

bias. Examples of such omitted variables include rainfall, access to irrigation technology, and 

access to markets. To address the problem of omitted variable bias in Model 1, I use fixed effects 

in Model 2, which helps control for omitted variables that vary across the different districts in India 

and are also related to production of highly water intensive crops and depth to the groundwater 

table. Examples of such variables include different soil types in different districts, the State that 

the districts belong to, and market demand for the highly water intensive crops. The fixed effects 

model (Model 2) also includes time fixed effects and this helps control for variables that remain 

constant across districts but change over time. Examples of such variables include policies at the 

national level, central government budgets in the agricultural sector, and central level subsidies 

among others.  

The results of Model (2) suggest that a 1% increase in total area under crop production is 

associated with a 0.009% increase in the depth to the groundwater table for the time range from 

2005 to 2008. The average depth to the groundwater table as seen in Table 1 is 7.99 meters. For a 

place where the depth to the groundwater table is 7.99 m, the expected increase in the distance of 

the groundwater table from ground level would be 0.009% of 7.99 m or 0.009 / 100 x 7.99 = 

0.0007191 m, associated with a 1% or 1/100 Ha increase in total area under production--- (A). 

Estimating the volume of water23: From (A) we know that a 1/100 Ha increase in total area under 

production is associated with a fall of 7.191 x 10-4 m. 1 Ha is equal to 10,000 m2 so 1/100 Ha is 

100 m2. So the volume of water that falls as depth to the groundwater table increases by 7.191 x 

10-4 m is 7.191 x 10-4 m x 100 m2 = 7.191 x 10-2 m3. In liters this would be 71.91 liters (1 m3 = 

                                                        
23 The estimations below are highly simplified and assume that the entire stretch of soil column 

from ground level to the groundwater table would have been water.  
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1,000 liters). So the fixed effects model suggests that an increase of 1/100 Ha in total area under 

production is associated with a decrease of 71 liters in the groundwater table. In other words, a 1 

Ha increase in total area under production is associated with a decrease of 7,191 liters in 

groundwater ---(B) for the time range from 2005 to 2008. In order to intuitively gauge what an 

associated decrease of 7,191 liters in groundwater (in terms of volume in m3) for every 1/100 Ha 

increase in total area under crop production really means, consider this: 

 Rice yield in India is around 2850 kg/ Ha24. Rice requires around 3,000 liters to 5,000 

liters per kg25. 58.7% of the rice produced in India is cultivated on irrigated land26. So for every 1 

Ha of area under rice production, 58.7/100 = 0.587 Ha would be irrigated. 80% of irrigation water 

in India is sourced from groundwater2. So (80/100) x 0.587 = 0.470 Ha of every 1 Ha of Rice 

produced in India requires groundwater. As the rice yield is 2850 kg / Ha and 0.470 Ha of every 1 

Ha of rice requires groundwater, 2580 x 0.470 kg = 1339.5 kg of rice requires groundwater for 

every 1 Ha. If each kg of rice requires 3000 to 5000 liters of water- 1339.5 x 3000 liters = 4,018,500 

liters of water is required to produce rice, using groundwater for every 1 Ha. This figure helps 

provide context for the figure of 7,100 liters of loss of groundwater, associated with an increase of 

every 1 Ha of crop under production. 

 

 Models 3 and 4 are OLS and fixed effect models respectively for the time range of 2009 

to 2011. The results for Model 3 (OLS) are insignificant but the results for model 4 are significant. 

Model 4 suggests a negative correlation between total area under production of water intensive 

                                                        
24 E.A. Siddiq. "BRIDGING THE RICE YIELD GAP IN INDIA." FAO Document Repository. 

Accessible at http://www.fao.org/docrep/003/x6905e/x6905e09.htm 
25 The Living Waters- Thirsty Crops. World Wildlife Fund. Accessible at goo.gl/whVefj 
26 Ricepedia, CGIAR. Available in http://ricepedia.org/india 

http://www.fao.org/docrep/003/x6905e/x6905e09.htm
http://goo.gl/whVefj
http://ricepedia.org/india
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crops and depth to the groundwater table, which means that an increase in area under production 

of highly water intensive crops is associated with a decrease in the depth to groundwater table or 

an increase in the levels of groundwater. This relation is contrary to my hypothesis; One reason 

for this may be that rainfall in 2009 was 78% below normal rainfall, which was the lowest level 

since 1989 (See Appendix II). Rainfall is negatively correlated with the depth to the groundwater 

table (more rainfall could reasonably be expected to be associated with a decrease in the depth to 

the groundwater table or an increase in groundwater levels). Rainfall is also positively correlated 

with crop production. The omission of rainfall from the dataset created for this study results in a 

downward bias, which may be the reason for the negative sign in the correlation coefficient. 

To overcome limitations in the fixed effects model described in Section 3 (Methods), I 

estimate the GMM specification in Model 5. Results of Model 5 suggest that every 1% increase in 

total area under production is associated with a 0.017% increase in depth to the groundwater table. 

GMM model 6 is a time fixed effects model using the GMM technique. It suggests that a 1% 

increase in total area under production is associated with a 0.028% increase in depth to 

groundwater table. Volumetrically this is equivalent to a fall of 22,372 liters of groundwater, 

associated with every 1 Hectare increase in total area under production of water intensive crops.  

 

 

6. Conclusion: Policy Implications 
 

 

Groundwater exploitation is a collective action problem, exacerbated by the market appeal of cash 

crops like sugarcane and cotton, or staple crops like rice, as they are highly water intensive. 

Existing research on groundwater studies the effect of groundwater on crop productivity. However, 

this study draws attention towards the effect in the reverse direction; it studies the effect of 
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producing of water intensive crops like sugarcane, rice and cotton on groundwater depletion in 

India. As the results from the GMM time fixed effects model suggest, a 1% increase in total area 

under crop production is associated with an increase of 0.028% in depth to the groundwater table. 

Volumetrically, this suggests that every 1 Ha increase in total area under crop production is 

associated with a 22,372 liters decline in volume of groundwater. The loss of groundwater, 

associated with a 1 Ha increase in area under crop production, estimated by the time fixed effects 

model is 7,191 liters.  

 

Based on these findings, I make the following policy recommendations. First, groundwater 

management can be improved if political and policy attention is turned towards the socio-economic 

impacts of groundwater depletion, especially on the welfare of farmers. Political attention and 

policy-making can help lead the awareness that groundwater acts as water banks, especially in 

times of poor rainfall. Rainwater harvesting is a solution that helps recharge the groundwater banks 

and also prevents wastage of essential storm water runoff that otherwise ends up in sewers. If 

highly water intensive crops were to be cultivated, rainwater harvesting programs would help 

mitigate depletion by reducing the demand pressure on groundwater. Second, a potential way to 

address this issue is to develop policy solutions that support farmers in making informed decisions 

for crop selection, based on sustainability, which includes availability of groundwater, especially 

where water intensive crops are cultivated. Farmers often face the decision between growing cash 

crops that are more profitable, but highly water intensive, or growing less profitable, but low risk 

crops.27 Crop selection is distorted by the market appeal of cash crops, especially as farmers do 

                                                        
27 Pradhan, D., & Ranjan, R. (2015). Do Institutional Programs Aimed at Groundwater 

Augmentation Affect Crop Choice Decisions under Groundwater Irrigation? Empirical Evidence 

from Andhra Pradesh, India.Water Economics and Policy, 1(02), 1550002. 

http://www.worldscientific.com/doi/abs/10.1142/S2382624X15500022
http://www.worldscientific.com/doi/abs/10.1142/S2382624X15500022
http://www.worldscientific.com/doi/abs/10.1142/S2382624X15500022
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not have the capacity to predict drought spells that would increase the associated risk of growing 

water intensive cash crops.  

Thus this study makes the case for better policy solutions to motivate farmers to choose 

less water intensive crops in regions where groundwater is already low. Awareness campaigns on 

the low risks and reliable returns of crops that use lesser water is a scheme that the government 

may consider. In order to support farmers who wish to switch to crops that require lesser water, it 

would help to provide improved access to markets with demand for such crops.  

Third, policies like subsidies for irrigation methods that use groundwater need to be 

reformed. The perverse incentives to grow highly water intensive crops, despite the risks involved, 

are related to government subsidies for tube well irrigation, which is a type of irrigation that 

reaches down to the groundwater to pump it out. India’s farmers use around US $ 4.5-5 billion/year 

to pump nearly 150 km3 of water mostly for irrigation 28 . With the empirical evidence that 

production of high water intensive crops is related to groundwater depletion in India, energy 

pricing and subsidies management is an important policy tool for the government to ensure 

groundwater is not exploited. One solution to make subsidy reforms politically expedient could be 

to convert current subsidies into subsidies specifically for drip irrigation or rainwater harvesting. 

To successfully implement such reforms, issue framing around the evidence that groundwater 

depletion reduces crop productivity6 would be helpful. So, farmers can ensure better crop 

productivity, and better supports their livelihood if they manage groundwater better and prevent 

its depletion. My findings suggest that in order to prevent the depletion of groundwater, water 

                                                        
 
28 Shah, T. (2009). India’s Ground Water Irrigation Economy: The Challenge of Balancing 

Livelihoods and Environment. Quarterly Journal of Central Ground Water Board, 21-37. 

 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.603.2542&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.603.2542&rep=rep1&type=pdf
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intensive crops must be grown carefully in areas where irrigation methods other than groundwater 

are available. Fourth, the Indian Government’s Soil Health Cards, could also be a great tool to 

raise awareness about groundwater.  At present the Soil Health Card program educates farmers 

about their soil and to generate awareness about the sustainable use of fertilizers and other inputs 

depending on the crop they grow. The card however, does not include water and especially 

groundwater as a critical input. The results of this research make the case for including 

groundwater as an important input in the Soil Health Card. These cards can be used to indicate the 

potential risk involved in high water intensity crops in areas with depleted groundwater tables. 

This could help support the farmer in making sustainable crop selection choices when faced with 

the tradeoff between cash crops and others. While farmers have great traditional knowledge, 

farmers in India lack the knowledge to adapt to the effects of recent climate change.20 Thus, by 

including groundwater information of a farmer’s land in the Soil Health Card provided to him or 

her, farmers could be informed whether their soil still has enough groundwater to support water 

intensive crops.  

 

Effective policy making to ensure that cultivation of sugarcane, rice and cotton is done sustainably 

would need to be cognizant of farmer’s interests. Agriculture and farmers’ interests have major 

political influence in India and any policy that affects farmer’s interests negatively would be 

politically contentious. If farmers have to switch crops, they would need to be provided with 

capacity building, and market access for alternate (low water) crop choices, among many other 

resources for adapting to the cultivation of a new crop. Alternatively, if they continue cultivating 

high water intensive crops, they should be provided with training and resources to manage 

groundwater better and develop infrastructure for rainwater harvesting.  
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Leading a paradigm shift and convincing farmers to grow crops other than sugarcane, rice 

and cotton could prove to be a challenging task. This is especially because farmers prefer growing 

sugarcane, rice and cotton for agronomic and economic reasons, despite the high water 

requirement16 and because of this, various economic and commercial factors would conflict with 

the recommendation for shift in crop choice. Also, various types of vested interests are plugged in 

along the supply chain from the farm to the market in the production of sugarcane and cotton. In 

addition, shifting away from rice would also pose food supply challenges. As such, it would not 

be prudent to propose a sweeping shift from production of these three highly water intensive crops. 

Instead, it would help to tailor policy solutions for better groundwater management and rainwater 

harvesting in regions where highly water intensive crops are grown. Along with improved 

incentive structures, policy solutions that focus on supporting farmers in developing the capacity 

to harvest rainwater and managing groundwater, would prove to be more effective and efficient in 

mitigating environmental and socio-economic risks.   
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8. Appendix 
 

I. Control Variables  

Control variables include annual rainfall, Gross State Domestic Product (or GSDP), area 

under irrigation using groundwater among others.  

 

a. Annual Rainfall data:  

It is reasonable to expect that rainfall will have correlation with the height 

groundwater table. Groundwater is linearly dependent on the effective accumulated 

rainfall in their study in Donher well station in Taiwan. 29 The effect of rainfall on 

groundwater also varies by land use. Due to limitations in data, the model in this paper 

would not be able to study the possible effect of rainfall on groundwater, varying by land 

use, however, by including average annual rainfall data, the model does control for some 

of the effect of rainfall on groundwater. As rainfall also effects crop production (key 

independent variable) and groundwater level, omitting rainfall data would cause omitted 

variable bias.  Rainfall data has been collected from the Indian Meteorological 

Department Website30. The unit of rainfall data is in mm and is available district-wise 

and month-wise.  Monthly data has then been averaged for annual rainfall from 2005-

2011.  

c. GSDP (Gross State Domestic Product):  

The GDP is being controlled for as it is plausibly related to crop production and 

groundwater level. One transmission mechanism for GSDP to affect cross production 

would be through a given district’s reliance on agriculture for its GDP. GSDP would also 

                                                        
29 Jan, Chyan-Deng, Tsung-Hsien Chen, and Wei-Cheng Lo. "Effect of rainfall intensity and 

distribution on groundwater level fluctuations." Journal of hydrology 332, no. 3 (2007): 348-360. 

 
30 Indian Meteorological Department Data 

http://www.sciencedirect.com/science/article/pii/S0022169406003660
http://www.sciencedirect.com/science/article/pii/S0022169406003660
http://imd.gov.in/section/hydro/distrainfall/districtrain.html
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be related to groundwater as GSDP per capita could describe a farmer’s ability to invest 

in irrigation technology. Data on GSDP could be sourced from census surveys of India. 

d. Crop type and water intensity:  

Controlling for the type of crop (whether sugarcane, cotton or rice) would be 

important as each crop has a different water requirement or water intensity and relates to 

both groundwater depletion and area under crop production. 
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