
IFPRI Discussion Paper 01455 

August 2015

Public Benefits of Private Technology Adoption

The Localized Spatial Externalities of Water Conservation in 
Eastern Uttar Pradesh

Anil K. Bhargava 

Travis J. Lybbert 

David J. Spielman

Environment and Production Technology Division



INTERNATIONAL FOOD POLICY RESEARCH INSTITUTE

The International Food Policy Research Institute (IFPRI), established in 1975, provides evidence-based 
policy solutions to sustainably end hunger and malnutrition and reduce poverty. The Institute conducts 
research, communicates results, optimizes partnerships, and builds capacity to ensure sustainable food 
production, promote healthy food systems, improve markets and trade, transform agriculture, build 
resilience, and strengthen institutions and governance. Gender is considered in all of the Institute’s 
work. IFPRI collaborates with partners around the world, including development implementers, public 
institutions, the private sector, and farmers’ organizations, to ensure that local, national, regional, and 
global food policies are based on evidence. IFPRI is a member of the CGIAR Consortium.

Anil K. Bhargava is a postdoctoral research fellow in the School of Natural Resources and 
Environment at the University of Michigan, Ann Arbor, US.

Travis J. Lybbert is an associate professor of Agricultural and Resource Economics at the University of 
California, Davis, US.

David J. Spielman is a senior research fellow in the Environment and Production Technology Division 
of the International Food Policy Research Institute, Washington, DC.

Notices
1. IFPRI Discussion Papers contain preliminary material and research results and are circulated in order to stimulate discussion and
critical comment. They have not been subject to a formal external review via IFPRI’s Publications Review Committee. Any opinions 
stated herein are those of the author(s) and are not necessarily representative of or endorsed by the International Food Policy 
Research Institute.
2. The boundaries and names shown and the designations used on the map(s) herein do not imply official endorsement or
acceptance by the International Food Policy Research Institute (IFPRI) or its partners and contributors. 

Copyright 2015 International Food Policy Research Institute. All rights reserved. Sections of this material may be reproduced for 
personal and not-for-profit use without the express written permission of but with acknowledgment to IFPRI. To reproduce the 
material contained herein for profit or commercial use requires express written permission. To obtain permission, contact 
ifpri-copyright@cgiar.org.

AUTHORS



Contents

ivAbstract 

Acknowledgments v

1. Introduction 1

2. Background 3

3. Conceptual Framework 7

4. Empirical Approach 10

5. Data 13

6. Results 19

7. Conclusions and Future Work 27

iii

References 28



Tables

5.1 Summary statistics on irrigation type, number and duration of irrigations, diesel pump
      specifications, and water table depths over time in eastern Uttar Pradesh 15

5.2 Key EUP summary statistics on sample farms and plots, including areas, soil types, technologies 
      used, and leveling patterns      19
6.1 Effect of water-conserving technology adoption on duration of irrigations in rice and wheat 
      seasons with district, plot, and farmer controls       21

6.3 Simulation results from increasing water-conserving technology use at various β, δ, and 
      24      Lp levels      

6.4 Simulation results from increasing water-conserving technology use at various use at various Lp 
     25      levels, given β, δ, and  γ 

iv

Figures

2.1 River flow through the Gangetic Plains and eastern Uttar Pradesh   3

3.1 Well interference from simultaneous pumping        8

4.1 Major aquifer system of India   12

5.1 Location of eastern Uttar Pradesh sample districts        13   

5.2 Spacing of sample villages within Maharajganj and Gorakhpur districts        13

5.3 Rainfall patterns before (2010–2011) and after (2011–2012) dissemination of water-conserving     
      technology compared with five-year average       16

5.4 Water pumped and total rainfall by district      17

5.5 Soil triangle            18 

6.1 Irrigation pumping and well interference by soil type   23

6.2 Irrigation and well interference by technology adoption 24

6.3 Simulation results for nonadopters      26

6.2 Effect of water-conserving technology adoption on number of irrigations in rice and wheat 
      seasons with district, plot, and farmer controls  22



ABSTRACT

With growing pressure on groundwater resources, water-conserving technologies (WCTs) look especially 
promising as a method of agricultural adaptation and poverty alleviation. While private benefits of WCTs 
are increasingly understood, public benefits are not as clear as they may seem. Some research has 
highlighted behavioral responses and diffusion as social consequences of private adoption. This paper 
focuses on the geophysical complications that shape public benefits across landscapes, raising spatial 
considerations of the WCT adoption decision and optimal diffusion patterns that can inform policymakers 
with the dual objectives of cost-efficient natural resource conservation and poverty alleviation, 
particularly in light of increasingly erratic weather patterns attributed to climate change. We focus on 
India—the world’s largest user of groundwater—and build a spatially sensitive hydroeconomic model to 
capture the dynamics of public water availability due to WCT adoption. We consider the spatial aspects 
of hydrological water flows, WCT adoption patterns, and public benefits of increased water access. We 
calibrate our model using a 2011 household-plot survey and estimates from a randomized control trial of 
a specific WCT in the country’s Gangetic Plains. Results show that early public benefits from WCTs 
occur primarily via reduced well interference when underground aquifers are large. Clustering of WCTs 
in this case can generate even higher benefits, suggesting localized spatial externalities of adoption. 
Policymakers interested in subsidizing or encouraging diffusion of key WCTs as a way to address both 
poverty alleviation and water conservation may thus consider both the private returns and public benefits 
presented here.

Keywords:  water, poverty, climate change, technology adoption, India

JEL codes: H41, O13, O33, Q12, Q25
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1. INTRODUCTION

Pressure on global agricultural water use is growing, and the intensity, frequency, and duration of climate 
events affecting water for agriculture is on the rise (FAO 2011). Among the most vulnerable populations 
to this are the world’s poorest farmers, who heavily depend on agriculture as their primary source of 
income. While much has been written on the determinants of agricultural technology adoption based on a 
farmer’s private benefits and costs, as well as some additional focus on related social dimensions and 
externalities, less attention has been paid to understanding the economics associated with geophysical 
aspects of resource-conserving agricultural technologies and how the mix of private and public benefits 
simultaneously impact poverty alleviation and resource conservation.

This paper aims to isolate and account for the localized spatial externalities that accrue due to
private water-conserving technology (WCT) adoption. We focus on India, the world’s largest user of
agricultural groundwater since the introduction of high-yield varieties and expansion of irrigation
infrastructure during the Green Revolution of the 1960s and 1970s (Shah 2009). Since this era, India has
quadrupled its groundwater use, and by 2000, the country had more than doubled the withdrawals of the
US, the world’s next largest user. At the same time, India continues to suffer frequent droughts and erratic
weather patterns, in what many see as a consequence of increasing impacts of climate change. Monsoon
rains—on which Indian agriculture heavily relies—are expected to be heavier but shorter in duration in the
future, increasing the potential for devastating floods while also reducing total catchment and water table
levels available to farmers throughout the year.

WCTs have an important role in both water conservation and alleviation of poverty. They can 
reduce the volume, frequency, and duration of pumping for agriculture, while simultaneously increasing 
water use efficiency and boosting yields. The success of WCTs has been primarily measured in terms of 
private costs and benefits to adopters, though some studies have focused on public benefits, particularly on 
spatial externalities of pumping (Brozović et al. 2010; Pfeiffer and Lin 2012; Suter et al. 2012). However, 
these do not connect public benefits from water conservation to private welfare impacts on small and 
marginal farms, especially in developing countries. This paper specifically estimates the benefits that 
accrue to nonadopters of WCTs through increased public water availability, as well as the associated 
multiplier effect on private savings to adopters through this same channel. To do this, we measure the 
changes in effective water table depth at the farmer level due to nearby adoption of WCTs and translate it 
into the cost savings associated with reduced pumping.

We start by building a hydroeconomic model that captures how water table depth is affected by
reduced pumping on farms with WCTs. We isolate two channels through which this can occur: increased
aquifer recharge and decreased well interference, both of which are impacted by reductions in pumping
volume, duration, and frequency associated with WCTs. Our model resembles that of Madani and Dinar
(2012), a study that focuses on numerical analyses of groundwater management systems and asks how
different private incentives can lead to improved public water management and increased water availability.
While these authors take technology use as given and alter common-pool resource management systems,
we take the management system as given and focus on how public support and targeted spatial rollouts of
WCTs could reduce groundwater exploitation through positive externalities of private adoption.

We then calibrate our model using data from a pilot project on a specific WCT in eastern Uttar
Pradesh (EUP), where we gather household-plot information on soil type, irrigation, and water use and
conduct a randomized control trial (RCT) of the technology based on an experimental auction eliciting
farmer willingness to pay. This allows us to better understand private technology demand and estimate
impacts of WCT adoption on water use for certain farmer types. We use these data and estimates to
calibrate key hydro-geological empirical equations that predict changes in effective water table depth in
the region. We then convert this measure into pecuniary terms for nonadopters using water extraction cost
data from our sample.
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Preliminary results suggest that public benefits from WCT adoption occur primarily via reduced 
well interference in early stages of diffusion and when underground aquifers are large. In this case, 
clustered use of WCTs around a small number of wells generates more public benefits than a uniform 
distribution around many wells. This result is analagous to the higher impact of preserving contiguous 
versus dispersed hectares of land on wildlife habitat due to economies of scale. At the same time, 
clustering WCTs appears to help solve a congestion problem, whereby the amount of water 
simultaneously pumped during an agricultural season, as well as interference, decline.

The results build Apon the findings of Brozović et al. (2010), who show that non-spatially-explicit 
models underestimate groundwater pumping externalities in large aquifer settings. In contrast to that 
paper, our model incorporates large and small aquifer settings, along with well interference mechanisms, 
under a variety of hydrogeological conditions. In early stages of diffusion on a large aquifer, we show that 
marginal returns to WCT adoption begin to decrease after a certain level of within-cluster concentration, 
suggesting that it may be optimal to shift to other parts of the aquifer and start new clusters of WCTs in 
order to yield the highest mix of private and public benefits relative to costs. As adoption increases in a 
region, marginal impacts on water tables via the aquifer channel increase in relative importance.

The public benefit takes the form of reduced expenditure on fuel for diesel pumps or a reduction in 
the shadow price of groundwater extraction. This raises the possibility of an increase in water use under 
certain conditions. However, the region of India under study here has little room for physical farm 
expansion and thus a low price elasticity of water. On the intensive margin, however, shifts within farm to 
more water-intensive crops, especially in the dry season, are possible but limited. Farmers already grow 
very water-intensive staple crops in the region, such as rice and wheat, that require flood irrigation. 
Sugarcane is the main water-intensive crop alternative. While growers of cash crops requiring less water 
could shift to staple crops, it is not clear that profits would be higher from doing so even with lower water 
extraction costs because of price controls on staple crops.

Results from this research have the potential to impact agricultural and rural development policy 
in India and other countries faced with potential groundwater overextraction. While small staple-crop 
farmers adopting WCTs can benefit privately through larger yields and reduced water extraction costs 
associated with the technology, adopters and nonadopters both gain from increased public water 
availability through both reduced well interference due to nearby WCT adoption and higher water tables 
from reduced aquifer depletion. In light of rising concerns over the vulnerability of developing-country 
farmers to rapidly accelerating climate change, policymakers may factor in these impacts when assessing 
costs and benefits associated with various poverty alleviation and water conservation programs. This 
research suggests cooperative well-sharing systems may be worth further exploration in this context in 
order to solve water interference issues and coordinate technology adoption.

In the next section, we provide background on groundwater use and our experimental WCT in the 
Indian setting. We then present our hydroeconomic model in Section 3 and the corresponding empirical 
model in Section 4. Section 5 describes the sources of data in more detail, and Section 6 discusses the 
results.
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2. BACKGROUND

In this section, we describe the setting in which we evaluate spatial externalities associated with water 
conservation. The geographic area of focus is home to nearly a fifth of the world’s population, grows 
much of the staple food for the region, and features homes and farms densely packed on fertile but 
deteriorating land. In addition to describing these geophysical aspects, we focus on the recent evolution 
of irrigation and groundwater extraction in the area. Finally, we explain in detail the WCT under study 
here and how interactions with the initial geophysical and socioeconomic conditions of our focus area 
condition the type of results we expect. 

The Indo-Gangetic Plains 
The Indo-Gangetic Plains (IGP) are located in the area of South Asia below the Himalayan Mountains 
through which the Indus and Ganga Rivers flow. They cover 2.25 million km2 from the Arabian Sea to 
the Bay of Bengal and can be divided into two major drainage basins that differ both geophysically and 
socioeconomically. In India, this divide occurs at the Delhi Ridge, west of which the Punjab and Haryana 
Plains form around the Indus River. Gradual slopes lead to high surface water drainage and medium-to-
low water tables. The eastern side contains the Ganga–Bramaputra drainage system, through which the 
Ganges River steeply descends in 300 km from mountains to ocean through Uttar Pradesh, Bihar, and 
Bangladesh. This area is characterized by large undulations, higher groundwater levels, and an increased 
likelihood of floods (GECAFS 2008). 

Figure 2.1 shows two major rivers and several smaller rivers flowing through the eastern IGP. 
River flows stem from monsoonal precipitation, with the maximum rainfall usually occurring in July 
regionwide. This leads to the highest river flows between July and October, corresponding to the wet 
kharif growing season. Snowmelt contributes to the flow considerably during both dry and premonsoon 
seasons, when there is less rainfall but higher temperatures. But although total river flow is highly 
correlated with annual precipitation, monthly flows are not as tightly correlated due to lags in runoff 
time, site-specific rainfall amounts, and the relationship between rainfall input and catchment runoff 
output in rivers due to hydrological storage. 

Figure 2.1 River flow through the Gangetic Plains and eastern Uttar Pradesh 

Source:  Pfly (2011). 
Note:     River flow in the Gangetic Plains starts northwest of Nepal and rapidly descends through Uttar Pradesh, Bihar, and 

  Bangladesh to the Bay of Bengal. A historical lack of irrigation infrastructure in the region has led to farmer 
 vulnerability to surface water flows, which are becoming increasingly unpredictable with climate change. As a result, 
 groundwater pumping in the region is at an all-time high. 



Water availability is also affected by forest cover in this region. In the Terai and hill areas that 
extend into Nepal, forests decreased at an annual rate of 1.3 percent between 1978 and 1979, and 2.3 
percent between 1990 and 1991, as the region was drained and brought under cultivation. This led to a 
permeable mixture of gravel, boulders, and sand, which enabled the water table to sink deeper. In the 
areas where the Terai is composed of less permeable layers of clay and fine sediments, groundwater rises 
to the surface in springs and wetlands, causing heavy sediment loads to fall out of suspension. This 
situation can cause rivers to flow over low banks and wash away rich sediment, as in the 2008 Bihar flood. 
Thus, the ecosystem in this region that had led previously to fertile farming grounds is increasingly fragile 
and vulnerable to large-scale human activity.

Increasing impacts of climate change are likely to exacerbate this degradation. Reliability of 
surface water decreases with the unpredictability of the onset of the monsoon, more erratic rainfall 
patterns, and frequent droughts. Increased snowmelt associated with higher global temperatures would 
lead to not only increased flooding in the short run but decreased surface water flows in the long run
(Aggarwal et al. 2004). These higher surface temperatures—predicted to increase as much as 6° Celsius 
over the next century—would also reduce soil water content and increase erosion leading to greater 
reliance on and deeper exploration of groundwater in order to maintain yield levels of the recent past.

Despite 30 and 42 percent, respectively, of rice and wheat for the region being grown in the IGP, 
the socioeconomic status of the eastern region is such that insufficient purchasing power and  
undeveloped infrastructure have prohibited impeded food security, achievement of basic health 
standards, and proper nutrition. Due to these factors and the massive population inhabiting this region,1 
this resource-rich bread basket of South Asia is surprisingly poor and vulnerable to economic and 
climatic shifts. In the western portion of the IGP, in contrast, bigger farm sizes and better agricultural 
infrastructure development have led to expansive water diversion systems over time.

In recognition of these challenges, the primary government policy goals for the IGP as a whole 
are to (1) increase agricultural competitiveness while limiting further environmental degradation, (2) 
establish food systems that address the most vulnerable poor, and (3) provide rural employment 
opportunities that reduce intra-IGP labor migrations (GECAFS 2008). India’s landmark 2005 National 
Rural Employment Guarantee Act (NREGA) addresses the second two goals by providing guaranteed 
employment at minimum wages, increasing the purchasing power of the poor while also building local 
water-related infrastructure. The first goal is the subject of this research.

Irrigation and Water Pumping

State-sponsored canal systems in the western IGP date back to the Mughal Empire and were kept up 
centuries later by the East India Company. In the late 19th century, diversion irrigation systems began 
extending into the upper Ganga Basin, but it increasingly became difficult to apply technologies used in 
the west to the rough eastern landscapes. This situation led to the gap in irrigation infrastructure 
between the east and the west that is still evident today (GECAFS 2008). For example, about a quarter of 
agricultural land in India was irrigated in 1994 compared with more than three-quarters in Pakistan at 
the same time (World Bank 1994).

This infrastructure legacy, as well as the geophysical divide of the region, has also shaped the 
current pattern of groundwater extraction. Without preexisting infrastructure and with increasing 
unreliability of surface water, the eastern IGP has been drilling more intensively and haphazardly for 
water. With so many competing small farms seeking sufficient crop production to make ends meet from 
year to year, some have referred to the establishment of wells and pumps in the IGP as the “wild west” 
of groundwater extraction, the world’s largest mining operation, and literally a race to the bottom. 
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1In 2014, the area was estimated to contain nearly 1.3 million people (Encyclopedia Britannica 2015), almost a fifth 
of the world’s people, and 2011 with population densities in Uttar Pradesh and Bihar were 828 and 1,102 per km2 
respectively, compared to 35 in the United States and 112 in Europe. While population growth rates are falling, Uttar 
Pradesh and Bihar still saw 20 and 25 percent growth, respectively, between 2001 and 2011 (India, ORG 2011).



Tubewells complement surface water systems by allowing the “flexibility to match surface water 
supplied with crop water requirements [so that] timeliness of water delivery is therefore improved, and 
productivity rises” (World Bank 1994, 27–28). As this need for water skyrocketed after the Green 
Revolution, India has become by far the largest user of groundwater, more than doubling the annual 
extraction of the United States (Shah 2009; FAO 2011). More than 90 percent of this goes to 
agriculture, despite growing demand for water in other areas of the economy, such as electricity, 
manufacturing, and the domestic sector.

The eastern IGP is further prone to degradation due to intensive human activities, high poverty, 
and growing population pressure in the region. The state of Uttar Pradesh in the east, for example, has 
more people, at 200 million, than the entire country of Brazil. Bihar and West Bengal have roughly 100 
million people each. Rajasthan and Gujarat in the west, on the other hand, have 68 and 60 million people, 
respectively. So, while surface water is currently abundant in this eastern area, the lack of effective 
diversion systems, combined with short but high-intensity rainfall patterns, is leading to frequent periods 
of drought and flood. This process results in a vicious cycle of even deeper groundwater extraction by a 
large number of competing farmers. The further below the surface the water is drawn from the poorer 
quality and higher salinity within the agricultural water system (GECAFS 2008). This effect has led to 
reduced yields of up to one third in some areas (World Bank 1994), a loss that is felt especially by small 
and marginal farmers in the region.

Laser Land Leveling in Eastern Uttar Pradesh

To address this growing challenge, we experiment with a WCT called laser land leveling (LLL). LLL uses
a fixed laser emitter and a laser receiver mounted to an adjustable drag scraper to level plots with a
precision of ±1–2 cm. Though seemingly much more advanced than traditional leveling techniques, LLL
uses relatively basic equipment, requires minimal training, and is available in other areas of the region,
generally as a custom-hire service at a flat hourly rate.

LLL was introduced in the western IGP in 2001 and had expanded to 200,000 hectares by 2008.
Studies and trials have found large and statistically significant irrigation savings on the order of 20–50
percent and some statistically weaker evidence of secondary benefits including increased cultivated area,
yield, and net returns (Lybbert et al. 2013; Jat et al. 2006, 2009). Depending on the soil type and
cultivation and harvesting practices, a precisely leveled plot can reap these benefits for several years before
it needs releveling.

In order to understand both the demand for LLL and its impacts on water use, we conduct an RCT
of LLL services embedded within a Becker-Degroot-Marschak experimental auction. We select a sample
of nearly 500 farmers within three districts of EUP in order to single out low-income, staple-crop areas
with high vulnerability to changes in surface water flows and a high dependence on groundwater
extraction. We first elicit willingness to pay (WTP) for LLL and then randomly assign it to farmers within
a certain WTP stratum. This generates balanced treatment and control groups to help us understand
differences in irrigation practices, such as volume of water pumped and duration and frequency of
pumping, attributed to the technology.

There is a small literature discussing geophysical and hydrological impacts of WCTs such as this 
one, and the mechanisms through which these impacts occur. Walker (1989) found that LLL increases 
water use efficiency substantially, and others have suggested that the technology can reduce water use up 
to 40 percent (Jackson 2009) and frequency and duration of irrigations by 50 percent (Jackson 2009; Asif 
et al. 2003). Howell (2003) examined irrigation system performance, uniformity of water application, and 
crop response to irrigation surrounding WCTs, while Baldwinder-Singh et al. (2011) focused on mulching 
as a way to minimize the role of soil evaporation in contributing to evapotranspiration.

The impact of WCTs, particularly LLL, on evapotranspiration is not well understood but
important to consider in the IGP context. Leveling improves applied water efficiency, as more water is
allocated to crop development than to runoff or evaporation. And while crops cultivated on a leveled field
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may grow higher—and thus consume greater quantities of water—it is unclear whether this increase in
water use outweighs the water saved from reduced evaporation and reduced pumping needed to irrigate
leveled plots. Although flatter land increases the surface area of water in a given field that is directly
exposed to sunlight, it also reduces the total surface area of moist land, decreasing the total number of
surface molecules able to escape into the air. LLL is also linked to reduced water accumulation on fields,
as percolation into the ground is higher (Jat et al. 2006).2 This reduces the timeframe that water will be
exposed on plots before seeping back into the ground.

Baldinder-Singh et al. (2011) discuss the role of soil moisture evaporation within the context of 
rice mulching, a practice that helps retain important crop residues that, in turn, decrease the contribution of 
soil to evapotranspiration. While LLL is a different practice than rice mulching or other residue retention 
practices, these practices may be used sequentially. Laser leveling may be a precursor to the introduction 
of residue retention systems and, among some farmers, LLL may be undertaken after several years to 
maintain the performance of the residue retention. Under the latter system, LLL does not necessarily 
change the amount of crop residue when compared with alternative land preparation techniques, but it may 
improve the integration of residue into the soil and contribute to uniform distribution across a field. This 
suggests that LLL can reduce evaporation under such circumstances (R. K. Malik, personal 
communication, 2015).

The degree to which these impacts of private WCT adoption have external impacts depends on the
nonexcludability and subtractability of the resource (Ostrom 1995). In the case of groundwater, two
components must be considered in this light: aquifer access and water well extraction. Both are
nonexcludable: anyone can access water underground or drill a borehole, provided they are financially
able. However, relative to aquifer access, there is more subtractability associated with water well use as
water availability within a radius of an individual’s water well is affected during pumping. Not all cases of
aquifer extraction make significant changes to water table depth, especially when aquifers are large.

The relative contribution of these two channels varies by many of the factors discussed and 
calculated in this paper: the size of a region’s aquifer, land characteristics, farm size, farmer wealth, soil 
types, spatial distribution of wells, pump and well sharing arrangements, and patterns of WCT adoption. 
These initial conditions shape the magnitude and pathways of WCT externalities. For example, as 
discussed above, an area like EUP has many small farms and uncoordinated placement of borewells. 
Meanwhile, the timing of groundwater extraction is highly correlated among farmers, as all wait for 
monsoon rains to plant and begin irrigation. Aquifers in EUP are also likely to be quite large, minimizing 
the aquifer channel of WCT externalities at early stages of diffusion and putting more weight on positive 
localized externalities associated with reduced well interference. As the technology becomes more 
common, however, even large aquifers may be affected and increase their relative importance. In the next 
section, we formally model these relationships before generating testable hypotheses.

2The high percolation of water-soluble pesticides and chemicals also leads to a higher quality of the water that passes back into
the ground.
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3. CONCEPTUAL FRAMEWORK

We present the hydrogeological foundation for our analysis in this section. We isolate two ways in which
reduced water use on farms can impact water available to neighboring farms: (1) increases in aquifer or
groundwater recharge and (2) reductions in well interference or cones of depression. We discuss each in
detail below.

Impact through Groundwater Recharge

One of the most prominent equations relating plot characteristics to water table recharge is Darcy’s Law.
The viscosity of a fluid and the pressure drop over a given distance determine the fluid’s discharge rate
through a porous medium. The porosity of the medium is determined by its permeability and the area over
which the fluid flows. In its most general form,

Q =
−kA(Pb−Pa)

µl
, (1)

where Q is the total fluid discharge in (m3/s), k is the intrinsic permeability of the medium in (m2), A is the 
cross-sectional area to flow in (m2), (Pb −Pa) is change in pressure drop of the area in question (in 
pascals), µ is the fluid viscosity (in pascal-seconds), and l  measures the length over which the pressure 
drop is taking place in meters.

To capture the flow of groundwater in and out of an aquifer, the medium properties of the above
law are normally assumed to be constant for small volumes. However, in agriculture, the medium can be
quite varied, especially when it comes to soil types, plot elevation, and undulations within a plot. To
account for these factors, we take the equation above and use its dynamic analog to observe changes in
recharge over time:

∂h
∂ t

= S−1(−∇(−K∇h)−G), (2)

where h is the hydraulic head, or depth to pumped water, S is specific storage that characterizes the
capacity of an aquifer to release groundwater, K is hydraulic connectivity, ∇h is the change in hydraulic
head, and −K∇h = q is the volume flux from Darcy’s Law in units of m/s after dividing equation (1) by A.
G captures aquifer sources and sinks, such as rainfall and rivers. This equation uses standard assumptions
that water can be considered incompressible (density does not depend on pressure) and that q can be
defined as the negative product of hydraulic connectivity and the change in hydraulic head.

It is often assumed at this point in analyses that K, the hydraulic connectivity—or the property of 
plants, soils and rocks that describes the ease with which a fluid can move through their porous spaces or 
fractures—is spatially uniform. However, we make K a function of soil type (soil), which varies widely in 
our region of study, and define K = K(soil). Substituting, we obtain our theoretical groundwater recharge
equation:

∂SWL
∂ t

= S−1(−∇ · (−K(soil)∇h)−G), (3)

where we’ve replaced h with the term SWL, or static water level. We convert this into empirical form the
next section, after discussing the second channel through which increased water availability occurs.
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Well Interference and Cones of Depression 

WCTs may also impact water availability in an area by altering cones of depression. Figure 3.1 illustrates 
how this process occurs.  

Figure 3.1 Well interference from simultaneous pumping 

Source:  OSU (2015). 
Note:     If the cones of depression for two or more wells overlap and pumping is simultaneous, there is well interference. This 

 increases the drawdown, or dynamic water level, for both wells. 

Consider two wells near each other as in the top panel of Figure 3.1. Each well pumping on its 
own has a certain drawdown below the observed water table depth (the static water level or SWL). During 
groundwater extraction, the amount of the drawdown below the SWL needed to begin retrieving water is 
the dynamic water level (DWL). Both of these levels affect a farmer’s ability to withdraw water. We call 
the sum of these two the effective water table depth. 

We have discussed the factors impacting the SWL above. The DWL, on the other hand, is 
determined by idiosyncratic features associated with a specific borehole’s cone of depression as pumping 
occurs. If two wells have cones of depression that overlap, as in the bottom panel of Figure 3.1, the 
drawdown needed to pump increases for both farmers, thus lowering the effective water table depth. 

The extent of a cone’s radius depends primarily on the soil around the well but is also influenced 
by the frequency and length of pumping. Thus, there are spatial and temporal dimensions of pumping 
that determine whether cones of neighboring farmers will overlap. Clay soils are very dense, which means 
that the cone radius is less mutable during pumping. Cones tend to not expand as much in this case but 
have a duration that lasts relatively longer. Sandy soils, on the other hand, affect their neighbors’ water 
table depths more during pumping because they radially expand much faster. However, after pumping 
they return to form faster, as well. 

If neighboring plots constantly pump their water at the same time, the duration of the depression 
becomes less important than the size of the cone radius. If farmers are aware of the impact of 
simultaneity on well interference, they may stagger their pumping, in which case the duration of the 
depression may matter more than the number of depressions over the course of a season. But given that 
planting and production cycles depend heavily on seasonal rains and thus may be highly correlated, it is 
not clear whether farmers could feasibly stagger their pumping in this manner. In our sample area, 
farmers appeared heavily reliant on the timing of rains, especially in low-rainfall months, when planning 
their pumping at the individual level. This suggests little timing flexibility. Nevertheless, we consider 
throughout the impact that timing of irrigation may have on interacting cones of depression. 

Proximity of a pump to rivers and streams is typically thought of as influencing surface water 
flows and aquifer recharge, but it can also lead to increased water available to the farmer via a reduction in 



a well’s cone of depression. This may counter the negative impacts of a nearby well’s cone of depression
due to pumping (a phenomenon known as stabilization of cones). Rainfall can also shorten the duration of
a depression if farmers pump within the rainfall window, but our experience is that farmers tend to take
rainfall into account when deciding whether or not to pump. We account for rainfall in our empirical
analysis and consider household proximity to rivers and lakes. But since we exclude flood-prone plots
from our sample, our results may overestimate the impact of WCTs for those plots near such water sources.

We attempt to capture the essential explanatory variables affecting dynamic water levels, or DWL,
using this cone of depression framework:

DWL = f (r,dur, pump,K,soil, pdist), (4)

where soil indicates soil type on all plots within a farmer’s cone of depression, pdist measures proximity
to pumps, dur is the duration of cones of depression, and r is the radius. These latter two are themselves
functions of water pumped, pump, and hydraulic conductivity, K.

We then use a version of the Theis equation,

r =

√
2.25Tt

Se
4πsT

2.3pump
, (5)

to generate the expected radius of influence, r, for a cone of depression in an unconfined aquifer. Here, S is
the storage coefficient, t is duration of pumping, s is well drawdown, and T is transmissivity—the rate at
which water flows through an aquifer—equal to the product of hydraulic conductivity and thickness of the
aquifer, a, or T = Ka. We show below how this radius changes with the pumping data and soil type
information from our farmers in EUP. First, however, we convert the above SWL and DWL equations into
empirical form.
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4. EMPIRICAL APPROACH

In order to estimate the public benefits associated with adoption of this WCT, we convert equations (3) and
(4) into a single mathematical model that uses actual data on soil type, leveling intensity, water table depth,
rainfall, pumping, and changes in irrigation patterns due to leveling for our sample of farmers. In some
cases, we use other data to calibrate certain parameters of our hydrogeological equations. We then
experiment with ranges of these parameters to test the sensitivity of our results.

Changes in effective water table depth are in a region are subject to the two main hydrological
processes described above: groundwater recharge and well interference. We assume these are additively
separable and show up as changes to some preexisting aquifer-wide water table depth,

w̄i = wv− (rainv + riverv)Kv +Cv pumpv/Kv + DWLi0 + γ[ri pumpi
(6)

+ r j pump j + dur ipumpi + dur j pump j]/pdist2
j ,

where w̄i is the initial effective water table depth for plot i without any leveling in the vicinity of the plot.
This is equal to the aquifer-wide water table depth, wv, minus inflows from surface water sources, such as
rain and rivers, plus the amount of aquifer-wide water pumped per acre that is not returned to the ground,
or pumpv, times number of acres irrigated aquifer-wide, Cv These factors modify the SWL of the aquifer at
a rate determined by aquifer-wide levels of hydraulic conductivity, Kv.

The final two terms in equation (6) capture the dynamic components of effective water table depth, 
or the DWL resulting from cones of depression. Farmer i’s groundwater pumping creates an initial DWLi0
when pumping alone. If farmer j’s cone of depression interacts spatially or temporally with farmer i’s, as in 
Figure 3.1, this is indicated γ = 1. In the simple example of two neighboring farmers with their own water 
wells, farmer j’s pumping is more likely to interfere with farmer i’s if the radii of their cones of 
depression, r, are large and remain depressed for longer durations, dur. We model these impacts as
exponentially decreasing as pumps get further apart, denoted by pdist2

j .
Now we introduce WCTs into our equation. These impact effective water tables by reducing the

amount of water pumped as well as the frequency and duration of irrigations. We define β as the average
percent reduction in private water use per unit of WCT application. If several of farmer j’s leveled plots
draw from the same well, then the effect of leveling on water pumped may be compounded as follows:

pump j = pump0(1−β )Lp , (7)

where the amount of water pumped after a farmer applies the WCT, pump j, is equal to the amount pumped
before the WCT, pump0, discounted by (1−β ) and compounded Lp times, where Lp is the sum of all
leveled units within a well’s domain. Because the radius and duration of a well’s cone is a function of total
pumping, these can written in terms of Lp in a similar way. Thus, the exponent Lp is our key clustering
variable for WCTs.

Now, with leveling, the effective water table depth for farmer i becomes

wi = wv− (rainv + riverv)Kv +Cv pumpv/Kv−Lv β pumpv/Kv + DWLi0 +(1− γ)[ri pumpi

+ (1 − δ )Lp rj(1 − β )Lp pumpj +duri pumpi+(1−δ )Lp dur j(1−β )Lp pump j]/pdist j2,
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where we take account of the number of acres leveled across the aquifer, Lv, and its impact, β , on
pre-technology pumping levels, pumpv, which reduces effective water table depth via the SWL. γ is our
estimate of the WCT’s impact on number of irrigations, that is, the chance that two farmers’ cones of
depression will interact with each other, and δ is our estimate of the WCT’s impact on duration of cones
per irrigation.

We now generate the change in effective water table depth due to leveling by differencing
equations 6 and 8. The terms not affected by WCT adoption cancel out. The general form of the change in
effective water table depth can be written as

∆wi = wi− w̄i = ∆SWLv + ∆DWLi, (9)

where

∆SWLv = Lvβ pumpv/Kv (10)

is aquifer-wide and depends WCT use, estimated WCT impact on aquifer-wide pumping, and recharge
rates.

The dynamic component of the change in effective water table depth,

∆DWLi =
(1−γ)(1−δ )Lp (1−β )Lp pump j pdist2

j [r j + c j],

is specific to nonadopter i and depends on how WCTs impact the adopting farmer’s pumping volume,
pump j, and radius and duration of j’s cone of depression, r j and c j, respectively. The size of WCT
impacts is captured via the percent reduction in number of irrigations due to WCT adoption, γ; the percent
reduction in duration of irrigations due to WCT adoption, δ ; the percent reduction in pumping volume due
to WCT adoption, β ; and the spatial distribution of WCTs around a well, Lp. All are subject to distance
between wells, pdistj. Equations 9–10 assume that all farmers share the same aquifer, which seems
plausible considering the size of the aquifers in this region of India (see Figure 4.1).

We generate a monetary value of the externality attributed to WCT use by combining the change
in effective water table depth for a non-adopting farmer with the share of water obtained from the ground
(as opposed to surface) and the diesel cost of pumping per meter of water table depth. The following
equation this relationship:

yi = picosti4wi, (11)

where y is the monetary savings per unit of water pumped by nonadopter i, pi is the percent of irrigation
water obtained from diesel pumping versus surface and other types of pumping, costi is the cost of
pumping per unit of water table depth, and ∆wi is the change in effective water table depth due to WCT
adoption. We now calibrate portions of this model and estimate impacts of WCTs using our various
sources of data.
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Figure 4.1 Major aquifer system of India
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Source:  India, CGWB (2012). 
Note:     Uttar Pradesh and Bihar states in the Indo-Gangetic Plains appear to have some of the largest aquifers in the 
               country.
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Our research setting encompasses the Maharajganj, Gorakhpur, and Deoria districts of EUP. This region 
is located in the IGP, described in the previous sections. Figure 5.1 shows our sample area, which is 
located in the eastern part of the state, just south of the Nepal border and west of Bihar. Figure 5.2 
shows how our sample villages (eight per district) are spaced within two of our three sample districts.

5. DATA

Figure 5.1 Location of eastern Uttar Pradesh sample districts 

Figure 5.2 Spacing of sample villages within Maharajganj and Gorakhpur districts

Source:   Authors.
Note:      Districts highlighted (counterclockwise from top) are Maharajganj, Gorakhpur, and Deoria.

Source:   Authors.
Note:      Eight villages were randomly selected in each of the districts and 24 households randomly chosen within each village. 



The three districts chosen for this study represent the regional spectrum of productivity in 
rice–wheat cropping systems. From each district, we randomly selected eight villages from a population of 
villages that met specific criteria: (1) the villages shared a similar rice–wheat cropping system and were 
not consistently prone to an amount of flooding that would inhibit rice cultivation; (2) the population in 
each village was not less than 48 households but not larger than 400 households; and (3) the village was 
not within a 10 km radius of any other research or extension activities operating in the area that involved 
LLL or other resource-conserving technologies. Within each village we randomly selected from a village 
census 20–24 farmers who were cultivating plots of at least 0.2 acres, the minimum plot size on which LLL 
can be conducted. Our initial sample consisted of 478 farmers.

The top half of Table 5.1 shows that irrigation water in EUP is overwhelmingly obtained from 
groundwater sources. More than 90 percent of irrigated plots in the sample primarily use groundwater. 
Surface water sources, such as rivers, gravity irrigation, and ponds make up less than 1 percent of all plots’ 
primary water source, while 8 percent rely on canals. Of the plots using groundwater, 86 percent primarily 
use diesel pumps and 5 percent electric. Treadle pumps account for less than half a percent of all plots’ 
main water source. This ratio is close to the nationwide diesel:electric:treadle average of 85:12:3 and a bit 
less extreme than India’s eastern region average of 89:10:1 (India, DMI 2010).
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Irrigated plots active during the kharif (N = 974) and rabi (N = 1,041) seasons represent the wet
monsoon and dry winter periods of the year, respectively. Farmers reported in the baseline survey that they
irrigated an average of just under 3 times each season for roughly 7.1 hours in the kharif and 6.3 hours in
the rabi. These figures change quite a bit in the year following LLL introduction. The number of
irrigations in the 2011 kharif increases to 4.3, while the duration plummets to 1.9 hours. In the 2011–2012
rabi, irrigations are closer to the average at 2.5, and duration falls slightly, to 5.5 hours.

This dropoff between the 2010–2011 and 2011–2012 years may be due to the erratic weather
patterns in the former year compared with the region’s five-year average.



Table 5.1 Summary statistics on irrigation type, number and duration of irrigations, diesel pump 
specifications, and water table depths over time in eastern Uttar Pradesh
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Source:  Authors.
Note:     *N=478 represents the number of farmers in our sample. **N represents all plots with a positive number of 
              average irrigations of any positive duration. For 2011 this becomes 795 for kharif and 683 for rabi. 
              ***N=1074 represents all irrigated plots listing diesel pump as primary or secondary source of water. 
              ****The number of kharif and rabi plots reporting diesel costs are 310 and 207, respectively.



Irrigated plots active during the kharif (N = 974) and rabi (N = 1,041) seasons represent the wet
monsoon and dry winter periods of the year, respectively. Farmers reported in the baseline survey that they
irrigated an average of just under 3 times each season for roughly 7.1 hours in the kharif and 6.3 hours in
the rabi. These figures change quite a bit in the year following LLL introduction. The number of
irrigations in the 2011 kharif increases to 4.3, while the duration plummets to 1.9 hours. In the 2011–2012
rabi, irrigations are closer to the average at 2.5, and duration falls slightly, to 5.5 hours.

This dropoff between the 2010–2011 and 2011–2012 years may be due to the erratic weather
patterns in the former year compared with the region’s five-year average.

In Figure 5.3, we see that in both the kharif and rabi planting periods of April and November
2010, respectively, rainfall was extremely low. Although the rainfall accompanying the monsoon in
July–September was higher than average, the initial rice cultivation period—which includes transplanting,
sowing, and the first few irrigations—was subject to lower-than-average rainfall. In 2011, these initial
periods experienced above-average rainfall associated with less pumping. In both rabis, rainfall was
persistently below the five-year average in 2010–2011 and only slightly higher in 2011–2012. Thus,
changes in rabi pumping between the two years were smaller.

Figure 5.3 Rainfall patterns before (2010--2011) and after (2011--2012) dissemination of water-
conserving technology compared with five-year average

Source:  IMD (2014). 
Note:    Consistent with climate change predictions, eastern Uttar Pradesh experienced erratic rainfall in 2010-2011 with 
               higher than average rainfall during the monsoon season and less than average in the winter months. This reduces 
               total water catchment and availability throughout the year in aquifers and canals. The year after adoption of the 
               water-conserving technology rainfall was more consistent with recent trends during the summer but still suffered a 
               lack of expected rainfall in the winter. 

Figure 5.4 explores this relationship more by examining rainfall patterns by district and pumping
volumes per plot. The top panel shows an inverse relationship between rainfall and pumping in each of the
three districts, while the bottom panel shows pumping patterns versus percent changes in rainfall from the
five-year average.3 When percent changes from the mean are below zero, pumping on average is higher
across all three districts than when changes from the mean are above zero.

3Because we did not begin our weekly intraseasonal survey until July of 2011, we cannot disaggregate pumping by month before
August 2011.
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Figure 5.4 Water pumped and total rainfall by district
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Source:  Authors.

The authority on water table depth in India is the Central Ground Water Board (CGWB). 
However, within the CGWB the information on water table depths in the area is sometimes conflicting. 
The CGWB states that in the pre- and postmonsoon periods of 2011, water table depths ranged from 2 
to 10 m (India, CGWB 2012), while the Northern Region office indicates that these depths can fluctuate 
between 2 and 30 meters in the Uttar Pradesh, (India, CGWB 2014a). Our data indicate variation in 
EUP similar to that suggested by the regional office, with an average depth of 16 meters in our three 
districts (see Table 5.1).

Source:  Authors.
Note:    As expected, the volume of water pumped (left axis) is lower when rainfall (right axis) is at its highest, 

 consistent across all three districts over the course one year (x-axis). Co-movements between deviations from 
 average rainfall and water pumped are imprecise, even during the dry season (November--March). This may 
 suggest some rigor in pumping schedules across the region. October--December are all -100 percent  
 deviations because of no rainfall.



To obtain these figures, we interviewed a small group of farmers in each village. These farmer 
reports of highly variable water table depths are consistent with a sampling frame in EUP that is situated 
between the high-altitude Himalayan region to the northwest and the more flood-prone regions in Bihar and 
Bangladesh to the southeast. This data indicates an increase in water table depth in the region over the last 
ten years, coinciding with rapid changes in climate and steadily increasing water extraction in the region. 
Villages that experienced changes in water table depths irrigated from 7 and 12 m less in 2006 and 2001, 
respectively. We use weekly farmer-reported diesel consumption and village-reported water table depths to 
obtain a costi of pumping of 14.62 rupees per meter (Rs/m). This may be an underestimate as it does not 
account for fixed costs of pumping.

Typical ranges of hydraulic conductivity, K, for the different soils found in EUP are between 0.1 and 
1 x 10-6 m/s for the soils in EUP and can go up to 1 x 10-9 for pure clay elsewhere. Converting to meters per 
hour produces a range of K for soils in our sample between 0.0036 to 360 m/hr. The soil types in this area 
are balvi domat (sandy loam), kali (black), chikni domat (clay loam), and martika (clay), the last three of 
which are mostly found in lowland areas and generally have more moisture and clod formation. balvi domat, 
in contrast, is a light soil that erodes quickly and leads to uneven fields because of continuous need for 
tillage and puddling in agricultural preparation. There was more demand for LLL on plots with this soil.

Figure 5.5 shows a basic soil triangle describing all the possible combinations of content in soil and 
where our EUP soils fit in. Half the plots have balvi domat (Table 5.2), which because of its light 
consistency, leads to bigger but shorter-duration cones of depression, as well as higher rates of hydraulic 
conductivity. More than a third of plots have either clay or clay loam. Pure clay plots, on which hydraulic 
conductivity is the lowest and cones of depression the smallest and longest in duration, do not make up 
much of the sample, at only 7 percent. The climate of UP suggests that black soils may contain up to 30 
percent sand, more than 40 percent clay and 15–45 percent silt (Bhattacharyya et al. 2007). The clay in kali 
soil can be further broken down into a majority coarse clay, as opposed to fine. This places it roughly in 
the middle of the soil triangle and in the same neighborhood of weight and hydraulic conductivity as the 
clay loam. We use our values of K to generate our estimates and represent differences in rates of hydraulic 
conductivity due to varying soil types in our sample.

Source:  University of Idaho (2014).
Note:    This triangle shows the percentage of clay, silt and sand in various soil types. Sandy loam balvi domat 

 in eastern Uttar Pradesh) is at least half sand and no more than 20 percent clay and 30 percent silt. This leads to 
 higher percolation of water and more rapidly expanding cones of depression, causing more frequent well interference. 
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Figure 5.5 Soil triangle



Table 5.2 Summary statistics on sample farms and plots, including areas, soil types, 
technologies used, and leveling patterns in eastern Uttar Pradesh

Source:  Authors.
Note:     *Calculated in the following season. 
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6. RESULTS

Before we can estimate equations (9) and (11), we must obtain our final parameters. We have generated r,
c, and K but have not discussed the β , γ , and δ estimates from our RCT. We do this below before
generating effective water table changes and monetary savings.

Obtaining Final Parameters

The study by Lybbert et al. (2013) has already estimated impacts from this sample on water pumped,
generating β = 26 percent, although in our analysis we explore a range up to 50 percent. The results in
Tables 6.1 and 6.2 show impacts on γ and δ and suggest that LLL reduces the duration of irrigations but
not total irrigations per year. In other words, farmers pump the same number of times but for 1.5–1.8 fewer
hours. Together, these two parameters indicate a reduction in the chance two nearby farmers pump at the
same time and, consequently, suffer from well interference. Because the actual mean duration of pumping
in 2011 was 2.3 hours, this amounts to a 43–77 percent decrease in pumping duration.

We consider a range of δ ∈ (−77,−43) in our simulations. Because we do not find impacts on 
number of irrigations per year, we assign γ = 0. For studies that do find impacts of WCT on number of 
irrigations, this parameter can be altered during the estimation process. The estimates are somewhat 
underpowered, but point estimates on the reduction in number of irrigations are between .07 and .13 for the 
whole sample and significantly around 1.5 in Deoria.
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We also generate our range of radii of cones of depression, r, according to equation (5). Without 
precise knowledge on aquifer thickness, we use a range of values centered around a = 750 m, which is a 
recently measured thickness of the alluvium aquifer in the middle Ganga basin in nearby Patna, Bihar
(India, CGWB 2014a). We do not Ao any less than a = 450 m, as recent test borehole drilling An 
Maharajganj did not find any bed rock present at that depth (India, CGWB 2008). That report also found a 
storage coefficient of S = 2.3x10−4.



Source:  Authors.
Note:     Standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1.

Table 6.1 Effect of water-conserving technology adoption on duration of irrigations in rice and wheat seasons with 
district, plot, and farmer controls
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Table 6.2 Effect of water-conserving technology adoption on number of irrigations in rice and wheat seasons with 
district, plot, and farmer controls
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Source:  Authors.
Note:     OLS= ordinary least squares. Staple crops only. Standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1.



Figure 6.1 shows how the radius of influence changes with pumping levels. We restrict the pumping 
maximum in the figure to 3 standard deviations over the mean. In order to calculate gallons of water pumped, we 
assume pressure per square inch of 50 and pumping efficiency of 90 percent. Results are not sensitive to levels of 
pumping efficiency as low as 50 percent. Note that the highest changes in radius per pumping unit are at lower 
levels of pumping. This suggests that farmers pumping at lower volumes may actually be better targets for WCT 
diffusion, since their radius will be affected proportionately more.

Figure 6.1 Irrigation pumping and well interference by soil type

Source:  Authors.
Note:    The increase in a well's radius of influence due to pumping volume differs by soil type. For all soil types, the 

 highest marginal impact of pumping on the radius of influence occurs at relatively lower levels of overall pumping. 
 Martika, the heaviest soil, generates the smallest radial expansions. 

Overall, the radius increases with pumping at an increasing rate at lower levels of pumping. This 
is even more pronounced for the three lighter soil types, with the heavy clay having the lowest impact. 
Adoption of this WCT varies substantially by soil type with a soil type ratio of 56:12:27:5 (for balvi 
domat:kali:chikni domat:martika) on leveled plots compared with 49:12:31:8 on unleveled plots. In other 
words, there is a shift toward lighter soils in leveling. More generally, farmers do not appear to choose 
plots for leveling that have higher or lower radii of influence (see Figure 6.2). For the final parameters, 
we set pdist = 50 m and the ratio of ground-to-surface water table impacts in our sample area to 90:10, 
as reflected in Table 5.1
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Figure 6.2 Irrigation and well interference by technology adoption

Estimating Effective Water Table Changes and Cost Savings

We generate a baseline measure of public benefits by using adoption rates in the neighborhood of those 
observed in EUP in 2011 (see Table 5.2). We use this baseline information to generate changes in 
effective water table depth via equation (9) and plug it into equation (11), and observe changes to this 
baseline measure from doubling total acres leveled both uniformly and nonuniformly (clustering). We 
report the results in Tables 6.3 and 6.4.

Table 6.3 Simulation results from increasing water-conserving technology use at various β , δ , 
and Lp levels

Source:  Authors.
Note:     Rs = Indian rupees; a denotes per season
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Source:  Authors.
Note:    Cone radius of influence and pumping volume in the 2011 agricultural season by leveled and nonleveled 
               plots. Gray diamonds indicate leveled plots. Leveling does not affect the extent of cone expansion but, instead, 
               reduces the time cones remain depressed due to shorter pumping durations.



of β and δ , leading to much larger per-person and aggregate savings compared with the baseline scenario.
In Table 6.4 and Figure 6.3, we isolate the impact of clustering given a set of chosen parameters.

In both visuals, we can see that the increase in water table depth plummets with more clustering. Since this
increase in water availability enters into equation (11) positively, the financial savings also increase
dramatically with clustering. Note, however, that these increases both take an S shape, indicating returns
on clustering may taper off, suggesting an optimal point at which to shift WCT diffusion to other pumps in
order to take advantage of the increasing returns at low levels of Lp.

Table 6.4 Simulation results from increasing water-conserving technology use at various Lp
levels, given β, δ, and γ

Source:  Authors.
Note:     Rs = Indian rupees; a denotes per season
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The top panel of Table 6.3 uses β = .26 and explores a range of δ starting at .43. By doubling the 
acres subject to a WCT in a uniform way, we observe a decrease in water table depth by 1 percent and 
increase in per-person nonadopter diesel cost savings by 1 percent. Total nonadopter savings roughly 
doubles, equal to the percent increase in leveling. However, when clustering the same 200 acres of leveling, 
water table depths drop by 75 percent, with individual and aggregate diesel cost savings 4 and 8 times the 
baseline levels, respectively.

Doubling the number of acres in a uniform way does not take into account potential effects of 
clustering, resulting in only slight decreases in the effective water table depth. This is a reflection of the 
relatively small role of aquifer recharge in affecting water tables in this region, at early stages of diffusion. 
However, when clustering the leveling at Lp = 10 (that is, 10 acres leveled within the range of a single 
farmer’s well), then effective water table levels increase by 53–75 percent more, depending on the values



only within one well’s radius of influence but also within a cluster of wells with overlapping cones of
depression. The farmers in such an area would enjoy all the private and public benefits of LLL. But there is
a possibility that all the benefits of clustering would then go to a homogeneous demographic of farmer or
even a single large farmer.

From our field experience in the small farming area of EUP, we observe that sometimes farmers
have plots scattered throughout the village. Some locate their plots to the east and west of town, near the
railway lines, behind the school, and so on. These varying locations may be due to the varying prices of
land by quality, whereby a farmer can perhaps afford few plots of high quality in the village. If different
farmers own the plots surrounding a pump, then they may share use of a pump and pay only for their diesel
used or even change out the equipment above the borehole. In these cases, clustering WCT around a single
pump produces shared private and public benefits that are distributed among a higher number of farmers.
Note that the larger the share of the aquifer channel in reducing water table depth, the more farmers
feeding from any one aquifer can benefit, regardless of their proximity to other farmers’ pumps.

One can see from Table 5.1 that 33 percent of farmers in our sample own a diesel pump, and 44
percent of plots in our sample are irrigated from diesel pumps owned by the farmer. This means that more
than half of all plots are using rented or borrowed pumps or purchased water. Using t-tests, we find that
farmers who own pumps are 70 percent wealthier (p = 0) than those who do not, and plots irrigated with
owned diesel pumps (versus rented or borrowed) are cultivated by farmers who are 59 percent wealthier
(p = 0). This suggests significant variation in wealth levels centered around pumps and the potential for
careful implementation or subsidization of WCTs subject to a variety of social, economic, and political
concerns.
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The focus on clustering raises questions of the distribution of WCT private and public benefits 
among farmers. Private benefits are a function of farm and farmer characteristics that lead to WCT 
adoption. Public benefits are a function of farm size, socioeconomic characteristics of farmers sharing a 
single well or within a single cone of depression, and ability to potentially coordinate both well use and 
WCT uptake. For example, one extension of the results suggested by this analysis is to cluster WCTs not

Figure 6.3 Simulation results for nonadopters

Source:  Authors.
Note:    Clustering of water-conserving technologies generates higher impacts on water table depth and savings to the typical 
              nearby nonadopter. However, marginal returns to water table depth and cost savings appear to increase at a decreasing 
              rate at high levels of clustering, suggesting an optimal concentration of technology depending on local conditions. 



7. CONCLUSIONS AND FUTURE WORK

The increasing uncertainty and erratic weather patterns linked to climate change are likely to impact the
world’s poorest farmers disproportionately. This could be especially problematic for a country like India
that depends heavily on water not only for agriculture but also for home consumption and growing
industrial and manufacturing sectors. Farmers depending heavily on water for agriculture may be the worst
affected by increasing climate change.

WCTs may prove to be significant in improving private returns in agriculture, as well as providing
public benefits through higher water availability. Beyond just increased water availability, greenhouse gas
emissions may be reduced due to less diesel fuel used for pumping. These external effects may expand the
total number of beneficiaries and extent of benefits from private WCT adoption. While there are a range of
policy options available to control natural resources and increase incomes of the poor, support and
diffusion of key agricultural technologies, such as LLL, can simultaneously achieve goals in both areas,
while increasing total agricultural output. This addresses gaps in the policy outlook for the IGP.

There is a concern that higher water tables may increase the total amount of water used, since LLL
decreases effective water table depth and the shadow price of pumping, as measured in diesel expenditures
and equipment maintenance. However, it is not clear whether farmers would be able to adapt production to
increase their water use. On the extensive margin, there is rarely additional fallow land on which small
farmers can expand. Jat et al. (2006) observed a small percentage increase in cultivable area due to LLL
because some farmers eliminated bunds and water channels around plots, but this effect is likely to be
relatively small. On the intensive margin, there are few crop substitutes for flood-irrigated rice in the wet
season that would require more water. Alternatives to flood-irrigated wheat in the dry season, however,
could include rice or sugarcane, which are both more water intensive. A careful analysis of agricultural
demands and cropping alternatives in the area would be critical to any applications of WCT policies such
as those suggested here.

There may also be long-run fixed cost savings from reduced frequency and intensity of borehole
drilling, installation of additional tubing, and upgrading of horsepower of irrigation equipment for which
we have not accounted. As water table depths increase without WCTs and as cones remain depressed more
frequently and for longer periods of time with increased pumping, these equipment upgrades would
become necessary to meet targeted output levels. WCTs may reduce the frequency of these long-run
equipment upgrades either by directly decreasing water table depths via aquifer recharge or by indirectly
reducing the likelihood that farmers face long-lasting cones of depression from their neighbors when
irrigating.

In the face of climate change and increasing pressure on natural resources, policymakers seek
solutions that both reduce poverty and conserve resources in the long run. WCTs may prove effective in
both respects, especially considering the localized spatial externalities on those who do not or cannot adopt
agricultural technologies. Depending on a range of geophysical and socioeconomic factors, policymakers
might encourage a stylized spatial distribution of WCTs as a poverty-reducing and resource-conserving
tool that is carefully targeted according to both farmer type and initial sociogeological considerations.
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