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EXECUTIVE SUMMARY  

This report summarizes the findings of a World Bank financed study in exploring an irrigation 
performance measurement framework that would largely rely on remote sensing data and 
algorithms.  The authors acknowledge that irrigation performance remains a complex issue 
and only a set of variables needed for a comprehensive assessment of irrigation 
performance can be measured from space.  To this end, the proposed remote-sensing 
guided Irrigation Performance Measurement System (RS-IPMS) seeks to: i) serve as a 
transparent and unbiased tool for monitoring outcomes from irrigation service delivery; ii) 
have an underlying Theory of Change from which valid and reliable indicators are being 
derived; iii) offer new perspectives on irrigation performance, focusing on spatial patterns 
across scales (e.g., plot, command, state, national); iv) infer plausible and reliable trends in 
water use and water productivity across space and time, which can then be used as evidence 
for further investigation and intervention; and v) be cost-efficient and integrate well with 
the technological vision of India.  Within this scope, the RS-IPMS lays out a set of outcome 
indicators under three long-term development objectives based solely on remotely sensed 
measurements.  The first long-term development outcome focuses on equitable and cost-
effective access to beneficial water by measuring agricultural water consumption (i.e., 
evapotranspiration) to infer performance in terms of cost-effectiveness and equitability in 
access to irrigation water.  The second long-term development outcome focuses on 
productive use of water by quantifying the manner in which a scheme is utilized, including 
the area and the intensity of crops as well as their water use patterns compared to their 
productivity.  The third long-term development outcome focuses on the availability of water 
within a sustainable hydrological ecosystem and seeks to establish the parameters of the 
water balance in a given domain, with a view towards hydrological ecosystem services 
provision that go beyond the availability of irrigation water.  These development outcomes 
and the specific indicators within are tested and exemplified in ten public irrigation schemes 
across India using freely available satellite observations and a set of open source tools.  
Results indicate that remote sensing-based measurements can be reliably used to derive a 
set of irrigation performance indicators that can serve as criterion/yardstick to assist in 
verifying whether the intended developmental changes in the irrigation sector have been 
occurring.  While irrigation performance remains a complex issue in India (and beyond), this 
study concludes that operational remote sensing guided performance indicators can play an 
important role in the Indian irrigation sector by complementing the traditional supply-based 
and financial assessment frameworks, with a view towards a reliable, comprehensive, and a 
cost-effective performance measurement system at the national level. 
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BACKGROUND 

On May 3, 2019,  NITI Aayog convened a workshop inviting representatives from the 
Ministry of Jal Shakti (MOJS), the Central Water Commission (CWC), Central Ground Water 
Board (CGWB), National Remote Sensing Center (NRSC), the Word Bank and others, where 
the potential use of remote sensing technologies for monitoring the performance of 
irrigation systems in India were discussed.  As a follow-up to this workshop, the World Bank 
agreed to finance a study that would propose an irrigation performance measurement 
framework that would largely rely on remote sensing data and algorithms. The authors of 
this report were hired by the World Bank to conduct this exploratory study, and as a result 
have prepared this working paper. 
 
The authors would like to acknowledge that irrigation performance is a very complex matter 
and depends on a multitude of factors such as the agro-climate, irrigation infrastructure, 
water scheduling, agronomic practices, markets, rules and regulation. All of which would be 
impossible to detect, reflect and relate adequately in a comprehensive measurement system 
at the national level.  Therefore, it became clear very quickly that the scope of a remote-
sensing guided Irrigation Performance Measurement System (RS-IPMS) will need to be 
clearly defined, and its added value clearly spelled out.  
 
As such, the proposed RS-IPMS seeks: 

• to serve as a transparent and unbiased tool for monitoring development outcomes 
from irrigation service delivery; 

• to have an underlying Theory of Change from which valid and reliable indicators are 
being derived; 

• to offer new perspectives on irrigation performance, e.g.,   
- plot, command, state, national, 
- detect spatial patterns, trends, weak/ strong spots,   
- relate performance parameters (e.g., evapotranspiration /drought risk) and map at 
different scales 

• to infer plausible and reliable trend information about water use and water 
productivity across space and time, which can then be used as evidence for further 
investigation and intervention (e.g., policies, investment decisions) by states or the 
central government; 

• to be cost-efficient and integrate well with the technological vision of India. 
 
PART 1 of the report lays out a conceptual framework and a methodology for measuring 
irrigation performance through remote sensing; PART 2 applies this framework to 10 major 
public schemes in India and presents the findings; and PART 3 provides an outlook about 
potential opportunities for utilizing a remote sensing guided performance measurement 
system going forward.  
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PART 1:  Approach and Conceptual Framework  
 
 
 
 
 
 
 
 

 

 

 

1. Study Approach 

Embracing a shifting paradigm in understanding irrigation water resources management - 
The thinking around water resources management has evolved over the past 20 years or 
more, from only focusing in irrigation efficiency to advocating “more crop per drop’, to 
promoting integrated water resources management and more recently the pursue of SDG 
6.4, which is to increase water-use efficiency across all sectors and ensure sustainable 
withdrawals and supply of freshwater to address water scarcity and substantially reduce the 
number of people suffering from water scarcity.  Integrated water resources management 
today is about recognizing the interaction mechanism among land use changes, regional 
hydrological ecosystem services, and human well-being through access to clean drinking 
water and water for productive use through irrigated agriculture.  Water for Irrigation is one 
of the vital “moving parts” in these interactions that needs to be managed carefully to help 
keep the water cycle intact for future generations to come.  Irrigation and land use changes 
deeply influence regional hydrological ecosystem services, and the variation of hydrological 
ecosystems could benefit or impair human well-being in the long-run. Groundwater-based 
irrigation, for example, is often a work-around strategy for farmers when irrigation service 
delivery functions inefficiently, leading to overexploited aquifers that are not being 
recharged at a rate sufficient to compensate for extraction.  Moreover, changing dietary 
preferences and a shift to market-oriented irrigated farming is increasing farmers’ demands 
for irrigation service delivery. This study, embraces this shifting paradigm when assessing 
performance of irrigation water resources management and service delivery, 

 
Using remote sensing technologies as a primary tool for large-scale irrigation performance 
measurement. There are a wealth of case studies and literature about irrigation 
performance measurement and management, including possible benchmarking tools.1  
These benchmarking tools are typically very field data intensive and largely focus on 
performance dimensions on the supply-side of things, such as system operation and financial 
performance, productive efficiency, water quality and institutional management.  For a 
country like India, where hundreds of thousands of hectares of irrigation potential are 

                                                 
1
 For example, the IWMI Irrigation Benchmarking Service,  http://oibsv3.iwmi.org, which is based on Milano, 

Hector and Burton, Martin, Guidelines for benchmarking performance in the irrgation and drainage sector, FAO 
2001, http://oibsv3.iwmi.org/guidelines/BMGuidelines.pdf 

Key messages: The proposed conceptual framework for assessing irrigation performance 
can help to manage adaptively by establishing a shared Theory of Change with 
intervention objectives and results chains describing how an intervention leads to results 
on the pathway towards achieving the objectives. Three shared long-term objectives have 
been identified: (i) cost-effective and equitable access to beneficial water, (ii) productive 
use of water, and (iii) sustained hydrological ecosystem services.  The framework then 
identifies ten remotely-sensed measures for theses development outcomes, whereas 
traditional performance measurement systems largely rely on the measurement of 
intervention “outputs”, which are very field data and capital intensive, and hence not 
feasible in large scale irrigation systems with a large number of small-scale water users.  

http://oibsv3.iwmi.org/
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created, a comprehensive collection of reliable and valid field data is logistically and 
financially not foreseeable.   However, today, with open access to high-resolution satellite 
imagery and advanced remote sensing techniques for estimating evapotranspiration (ET) 
and vegetation indices, new opportunities emerge, that allow us to take a different 
approach towards assessing irrigation performance at large scale.  Some of these satellite 
data and methods are used as part of the present study. The underlying technical and 
methodological details supporting the soundness of these scientific approaches are provided 
in Annex I.  

The role of groundwater. Undoubtedly, there is extensive, albeit spontaneous, use of 
ground and surface water resources in a conjunctive manner in response to inadequate 
irrigation canal water availability in many irrigated commands in India.  As such, it would be 
wise to include some quantification of groundwater “subsidy” in irrigation performance 
studies. However, this is no easy task.  The ad hoc nature of groundwater use makes it 
almost impossible to understand its contribution, both spatially and temporally.  Moreover, 
there is strong evidence to suggest that surface water contributes (often inadvertently) to 
groundwater at peak irrigation periods due to percolation/infiltration so the real source of 
groundwater that may be of use in a command area is hard to pinpoint.  To this end, the 
authors take the position that the remotely sensed indicators used here describe irrigation 
performance within a command regardless of the water source.  In many ways, this view is in 
line with a water manager’s perspective within a command that tries to maximize water 
delivery in an equitable and sustainable way.   

Measuring Irrigation outcomes as indicators of scheme and state performance in irrigation 
service delivery. The thinking around ‘performance measurement’ has also evolved in the 
past 20 years or so. It is a widely acknowledged oversight and management tool in program 
and project management.  In our context, it has the potential to help monitor and mitigate 
the conflicting processes and risks in the hydrological cycle resulting from human 
interventions.  Secondly it can help to manage (adaptively) for developmental results (e.g., 
productivity increase, equitable access to services) in a transparent and accountable manner 
by establishing shared intervention objectives with targets/benchmarks, assessing value for 
money, and by promoting adaptive learning through introducing and facilitating learning 
loops during the monitoring process. 

Applying the “Theory of Change” approach for defining what ‘performance’ to monitor in 
irrigation service delivery. Outcome-based performance measurement goes hand in hand 
with the development and use of a “Theory of Change (ToC) model that describes how an 
intervention leads to results, i.e., how a project, program, initiative, policy, is expected to 
contribute to a chain of intermediate results, and finally contribute(d) to the intended or 
observed outcome. It focuses on central processes or drivers by which change comes about - 
e.g., change in livelihoods of individuals, groups, or communities (Funnel and Rogers, 2011). 

 
In the following we are using the ‘Theory of Change’ Method to develop an underlying 
theoretical framework that defines development outcomes common to all mayor irrigation 
schemes, while fully 
acknowledging that the 
individual causal 
pathways and 
assumptions necessary 

Key concepts forming a Theory of Change are  

 Intervention  - describes specific activities undertaken to make a 
positive difference in outcomes and impacts of interest;.  

 Results  - refers to outputs, outcomes, and impacts, where impacts 
are the final outcomes affecting well-being. 

 Results chain / causal pathway – lays out how an intervention is 
expected to translate into long-term desired outcomes 

 Causal assumptions - beliefs, expectations, considerations about 
pre-conditions in a causal process through which an intervention is 
supposed to work in order to reach a goal; 
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for transforming an individual irrigation development intervention into results  - i.e., outputs 
(infrastructure, water flows) and outcomes (e.g., intensification, water productivity, 
efficiency), and the achievement of common national prosperity goals may differ -- 
depending on the natural resource and capacity context.  Yet, it can offer a typology of 
results pathways, which potentially can guide the strategic management of interventions 
towards common national irrigation development outcomes.  
 

2. A Theory of Change for irrigation development in India 

In India, there is an increasing recognition (both in academia and government) of the need 
to think beyond irrigation efficiency, and rather aim at enduring “developmental outcomes” 
from irrigation, including more productive water use, climate resilience, environmental 
sustainability.  India is facing major challenges in its overall national water security, and in its 
agricultural water security in particular.  A report commissioned  by the government in 2016 
criticizes: (i) the low efficiency in public irrigation schemes, (ii) the vast amounts of storages 
of water that are not reaching the farmers, and the growing gap between the irrigation 
potential created (113 mha) and the potential utilized (89 mha); (iii) the contamination and 
overexploitation of ground water, which accounts for two-thirds of India’s irrigation; (iv) the 
increasing risks that climate change poses through more extreme rates of precipitation and 
evapotranspiration exacerbate impacts of floods and droughts proportion of area irrigated 
by canals is declining fast.  Notably, the report makes the strong point that the country has 
focused predominantly on expenditure of vast sums of money for construction of dams and 
main canal systems, but not on enduring “developmental outcomes”, i.e., farmers 
prosperity.2    

Aiming for (development) outcomes requires a shift in thinking from focusing on the water 
productivity as the “principle objective”, towards water productivity as an “entry point” to 
understand limitations to water access and availability (Vidal et al. 2014).  In fact, securing 
water availability, access and use may become competing goals locally or regionally, and 
therefore may need to be viewed from an optimization point of view. With growing water 
scarcity, the interdependencies among water uses or users increases, and gains from the use 
of water in one location/sector may result in losses in another. Hence the context, e.g., local 
water budgets, demographic characteristics, human capacity and local agricultural 
production systems are factors determining the performance of an irrigation scheme.  

With this in mind, the framework is set out to establish performance indicators that can help 
to measure in an “unbiased” way the progress being made towards the achievement of 
stated development objectives, which Indian public investments into irrigated agriculture is 
aiming to achieve in order to support and sustain their ‘farmers prosperity’.   

Three long-term development outcomes are being formulated, that are considered most 
relevant for supporting and sustaining farmers prosperity: 

a. Equitable and cost-effective access to beneficial water 

                                                 
2
 Committee on Restructuring the CWC and CGWB, A 21st Century Institutional Architecture for India’s Water 

Reforms, 2016; 
(http://www.indiaenvironmentportal.org.in/files/file/Report_on_Restructuring_CWC_CGWB.pdf) 



Towards a RS-IPMS for the Indian Irrigation Sector June 12, 2020 
 

 8 

b. Productive use of water 
c. Sustained hydrological ecosystem services 

 
The portfolio of interventions and causal pathways towards achieving these three long-term 
outcomes may certainly differ depending on the context (i.e., water resource base which 
depends on e.g., geography, climate) and the adaptive capacity (i.e., ability of systems, 
institutions, humans, and other organism to adjust to potential damage, to take advantage 
of opportunities, or to respond to consequences)3 in a state or command area.   
 
The figure below, depicts a ToC on which the proposed performance measurement system 
will be founded. The actual remotely-sensed measurement will focus on the upper results 
chain, namely the development outcomes rather than intervention “outputs”. 
 
Figure 1. Theory of Change for Irrigation Development. 

 
 

On the basis of the ToC, a set of outcome indicators is then proposed for each of the three 
long-term development outcomes to verify – by using remote sensing technics - whether the 
intended developmental changes in the irrigation sector have occurred (see Figure 2).  
 
Figure 2. Irrigation development outcomes with indicators. 

 
 

                                                 
3
 IPCC, Climate change 2014 - Impacts, adaptation and vulnerability: Regional aspects. Cambridge: Cambridge 

University Press, 2014. 

Sustained hydrological 
ecosystem services 

Cost-effective and equitable 
access to beneficial water

Productive use of water 

- Scheme Utilization
- Cropping intensity
- Water Productivity 
- Resilience to water stress  

- Water Saving Potential
- Water consumption uniformity 
- Reliability of service

- Water stress
- Water shortage
- Sustaining water balance 



Towards a RS-IPMS for the Indian Irrigation Sector June 12, 2020 
 

 9 

a. Cost-effective and equitable access to irrigation water (Long-term outcome 1)  

The framework proposes to use agricultural water consumption data (i.e., ET) to infer 
performance in terms of cost-effectiveness and equitability in access to irrigation water. The 
following indicators are proposed. 
 
INDICATOR 1:  Water saving potential 

The lower the total water amount being supplied to satisfy plant water needs for its full 
development and for reaching its yield potential, the better the cost-effectiveness of water 
supply from a natural resource perspective. This is particularly critical in a water scarce 
environment, where a policy objective of “cost-effective access to irrigation water” demands 
for “real” water savings, which refers to the amount of water not “needed” (but still used) to 
satisfy the ET demand of the plant to enhance its full development and yield potential.4  
Water savings potential estimates the difference in consumptive water use between farms 
that produce the same yield but at the cost of very different water use patterns, under the 
same climatic and soil conditions.  In other words, it quantifies the “water savings potential” 
in total m3 per scheme and as m3 per ha of yield zone, under the assumption that all other 
environmental factors (e.g. climate or soil) are constant.  The indicator utilizes the idea of 
yield zones or yield bins, in which varying levels of water consumption patterns are 
compared to a benchmark, defined as the mean of all farms/fields: 
 

𝑑𝑖𝑓𝑓𝐸𝑇  = {
0,                                 𝐸𝑇  < 𝐸𝑇 ̂

 𝐸𝑇  − 𝐸�̂� ,              𝐸𝑇  > 𝐸𝑇 ̂

 

 
 

𝑊𝑆𝑃 =∑𝑑𝑖𝑓𝑓𝐸𝑇  

 

   

 

 
where diffETiz is the consumptive water use (ETiz) (as measured by ET) difference between 
field i in yield zone Z and the mean water consumption of all the fields in the same yield zone 

𝐸𝑇 ̂.  Then the water savings potential in each yield zone (WSPz) is computed as the sum of 
all the positive ET differences.  WSP values in each yield zone can then be aggregated to 
calculate the total savings potential across a scheme. Note that in addition to using the yield 
zone mean ET value (which is the logical first choice), other benchmark values can be 
substituted. 
 
INDICATOR 2:  Water consumption uniformity across space and time 

Equitable access to irrigation water by farmers within a scheme is a generally acknowledged 
policy objective for irrigation schemes.  However, data on actual water abstraction by 
irrigation sub-units for a given time period is typically not available (due to absence of 
meters and sensors at plot level), and reported estimates are considered not reliable.  

                                                 
4 A concept highlighted by                                                                                      
Beyond “More Crop per Drop”: evolving thinking on agricultural water productivity. Colombo, Sri Lanka: 
International Water Management Institute (IWMI); Washington, DC, USA: The World Bank. 53p. (IWMI 
Research Report 169).  
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Anecdotal and case study evidence, however, suggest that inequity in delivery between head 
and tail end users and during times of droughts is a recurrent issue. Uniformity of water 
consumption is therefore included in the key performance indicators. This framework uses 
Water Consumption Uniformity (WCU), i.e., the coefficient of variation of ET, across the 
spatial constituent units (of the basin, scheme, province) by season, annual, monthly, as a 
proxy for equity in access to irrigation water. High uniformity in consumptive water use (i.e., 
low coefficient of variation in ET) suggest that farmers across an irrigation scheme had access 
to similar levels of irrigation water. However, the source of water – surface water or 
groundwater – cannot be determined without further field research.  
 
INDICATOR 3:  Reliability of supply during peak season for main crops 

Reliable irrigation service delivery is critical to irrigation farmers for increasing and 
diversifying agricultural production. Crop water stress, especially during certain growing 
stages, has a negative effect on crop yields. In addition, a reliable supply of water provides an 
incentive to farmers to use productivity enhancing inputs, including improved seeds, 
fertilizer, and better agricultural practices. Remote sensing allows to observe whether there 
was adequate water available to meet crop consumptive demand throughout the season by 
using ‘relative ET (RET)’ as the underlying measure.  A high variation of relative ET over time 
during the peak season suggest that irrigation water supply has been intermitted or has 
been below crop water demand, and therefore the crop did not receive sufficiently reliable 
water supply. Research literature suggests benchmarks for defining good, fair or poor RET 
from which reliability performance can be inferred.   
 

b. Productive Use of Water (Long-term outcome 2) 

Productive use of water is measured along four complementary measures. First, the degree 
of actual scheme utilization in relation to the total scheme area constructed.  Secondly, the 
cropping intensity, i.e., the number of crop cycles per agricultural year on the same field. 
Thirdly, the crop water productivity, i.e., average crop yield per unit of water evaporated. 
Fourth, resilience of the irrigated farming systems within the schemes to (increasing) water 
stress.  
 
INDICATOR 4:  Scheme Utilization Index 

The terms “irrigation potential created (IPC)” and “irrigation potential utilized (IPU)” are 
frequently used in the Indian irrigation management literature. IPC is measured in hectare 
and is being established during the scheme design and construction phase based on the 
estimates of quantum of water available in the reservoir, an assumed efficiency of supply 
and a “model cropping pattern”.  The latter may on paper entail multiple cropping seasons 
on the same area, which inflates the IPC figure beyond the actual geographic area of the 
scheme. IPU measures the irrigated cropping area and the reported figures can range from 
0-200% depending on the cropping intensity within the farming calendar.  It appears that 
both the IPC and IPU figure are not very reliable due to outdated data, measurement errors 
and inconsistent use of definitions. In addition, conventional ways of measuring IPC and IPU 
in situ are costly.  
 
This framework proposes to use satellite images to detect and measure the size of the area 
with irrigated crop production. The data will be one of two input measures for generating a 
Scheme Utilization Index (SUI), whereby the detected Scheme Area Utilized (SU) is divided by 
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the ‘reported’ Irrigation Potential Created (IPC). Hence, this indicator measures the total 
geographic scheme area that is in use in relation to state reported IPC.  “Use”, in this case, 
means that irrigated crops are being produced for at least one season during an agricultural 
year5. The observed vegetation index and radar measures for specific crops (e.g., rice) can be 
used to detect changes in irrigated cropping for a defined time period and area. Possible 
performance can be benchmarked externally - i.e., the actual SUI across a group of schemes 
within a state and potentially between states; or internally - i.e., the changes in the annual or 
seasonal SUI over time for a scheme or a group of schemes. It is noted that, in contrast to the 
IPC/IPU indicator, this indicator is not based on a pre-defined irrigated command area, 
ignores the source of irrigation water and can be greater than 1.  
 
INDICATOR 5: Cropping intensity 

Crop intensification, defined as increasing the number of harvests in a given area and 
agricultural year, is typically part of an irrigation development strategy.  Temporal monitoring 
of crops using remotely sensed vegetation index such as the Normalized Difference 
Vegetation Index (NDVI) provides a tool for detecting and counting the vegetation peaks as 
an indication of the number of crop cycles for a given area (pixel) per agricultural year. 
Through calculating the fraction of the scheme area utilized (SU) that is either harvested (i) 
once, (ii) twice or (iii) three times in the same field during an agricultural year, an indicator 
for cropping intensity can be derived. This Cropping Intensity Score (CIS) is defined as the 
number of crop cycles observed, weighted by the respective share of total utilized scheme 
area (SU): 
 

  𝑆 = ∑  𝑆𝑈 
 
     for k = [1,2, or 3] 

 
where SUk is the scheme area utilized by k crop cycles. 
 
INDICATOR 6:  Crop Water Productivity 

Crop Water Productivity (CWP) is the average crop yield per unit of water evaporated, which 
can be estimated for a for a given area and time period using seasonal ET algorithms as well 
as estimates of crop productivity (yield).  This indicator is directly related to water use for 
irrigation to grow crops of interest in an irrigated scheme.  The index quantifies the value 
crops receive in units of biomass produced per unit of water application/use – in essence it 
captures the conversion efficiency of an irrigated system strictly from the biomass 
production point of view. Hence, CWP values depend on crop yield (which varies with factors 
such as variety, diseases, soil fertility, drought, and overall management practices), and ET 
(which depend on factors such as climatology, soil moisture, cropping calendars, soil 
treatment, mulching, rainfall pat- terns, irrigation scheduling, irrigation and drainage 
systems, depth to water table). 
 
A global benchmark paper by Mekonnen and Hoekstra (2014) 6 indicated average CWP 
values of 0.42, 0.67 and 0.98 kg/m3 for wheat, rice and maize respectively.  A recent study by 
Bharat R. Sharma et.al. (2018), where water productivity of major Indian crops has been 

                                                 
5 In fact, a separate SUI can be measured for each season within the agricultural year.  
6
 Mesfin M. Mekonnen, Arjen Y. Hoekstra, Water footprint benchmarks for crop production: A first global 

assessment, Ecological Indicators 46 (2014) 214–223. 
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mapped using multiple field data sources, arrives at a CWP of 0.24 – 0.57 kg/m3 and 0.38 - 
1.88 kg/m3 in the dominant rice and wheat growing states. 
 
There are multiple ways for integrating crop water productivity data into an irrigation 
performance measurement system.  The following would be particularly meaningful: 

- Assessing the uniformity/variation in CWP performance for main crops within a 
scheme (including by establishing geographic clusters, e.g. sub-commands or WUA); 

- Benchmarking CWP in Rice-Wheat irrigated production systems across schemes and 
states; 

- Assessing site-specific CWP performance improvements over time, i.e., % changes in 
CWP over the past 5 years, and measure rolling averages against a negotiated CWP 
target. 

- Scoring by crop yield zone7 
 
INDICATOR 7: RESILIENCE TO WATER STRESS  

Mapping whether and how an irrigation scheme is (or is not) adapting its cropping patterns 
to changing water stress levels, becomes increasingly relevant when assessing the 
productive use of water across schemes that are constrained by the same agro-climatic 
conditions.  Due to climate change, schemes in some drought prone command areas, will 
have to adapt their cropping pattern to an increasing water scarcity, e.g., by transitioning 
from producing water intensive (and low-value) crops (such as sugar cane) to less water 
intensive agricultural products (e.g., wheat) and high-value crops on a smaller area.   Making 
adjustments to the cropping pattern is the most obvious adaptation strategy for sustaining 
agricultural development as the climatic conditions are changing.  
 
Remote sensing can be used to study the cropping patterns over a long period of time in the 
specific location. One can prepare cropping pattern maps for major crops that allow to 
detect adjustments in the copping pattern, by measuring the spatial and temporal 
changes/variations (i.e., abnormalities) in the observed NDVI time series.  Every crop type 
has a different canopy structure, growth stages, and requires specific climatic conditions for 
growing properly. All these factors influence a crop’s reflectance properties and, as a result, 
produce different NDVI values across various crop types.  
 
We see value in considering selected characteristics of a schemes resilience to changing 
water stress levels within the measurement framework, whereby at this stage no single 
indicator is being proposed, since resilience is a highly complex concept.  A central 
characteristic of resilience in our context is the schemes ability to adapt to and withstand 
chronic stress as a result of climate change - as reflected in the adoption of new cropping 
patterns.  Remotely sensing, mapping and interpreting the differences in NDVI helps to 
detect (new) cropping patters8, which when overlaid with the aridity index will help to 
identify and visualize (i) the suitability of the observed cropping patters for the local agro-

                                                 
7 Bastiaanssen, W.G.M.; Steduto, P. The water productivity score (WPS) at global and regional level: 
Methodology and first results from remote sensing measurements of wheat, rice and maize. Sci. Total Environ. 
2017, 575, 595–611;  
8
 Cropping pattern means the proportion of area under various crops at a point of time in a unit area, or it 

indicates the yearly sequence and spatial arrangements of crops and fallows in an area. A change in cropping 
pattern would mean a change in the proportionate area under different crops. 
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climatic conditions9, and (ii) agricultural diversification as an indicator for resilience to 
climate change.  Finally, it can help to pinpoint priority intervention areas with particular low 
seasonal AI.   
 

c. Adequate and reliable availability of water for irrigation in a sustained hydrological 
ecosystem services regime (Long-term outcome 3) 

Well-intended irrigation development interventions may result in unintended consequences 
on the provision of other hydrological ecosystem services (e.g., level of groundwater 
recharge with direct effects on water quality and natural landcover), and therefore need to 
be carefully managed together with ‘cost-effective and equitable access’ (outcome 1) and 
‘productive use of water’ (outcome 2) in order to achieve human well-being. An 
understanding of the water balance in a given domain, and the spatial and temporal 
differences of hydrological ecosystem services provision that go beyond the availability of 
irrigation water is important to deliver sustained hydrological ecosystem services. 
 
INDICATOR 8: Seasonal Water Stress 

A measure of water availability in a spatial domain, is the spatial and temporal prevalence of 
water stress.  One way of measuring water stress is by calculating the (annual, seasonal, 
monthly) Aridity Index (AI) = ratio between mean annual precipitation (P) and reference 
evapotranspiration (ETo).10  The AI classification being used is  

 
Hyper arid  AI < 0.05 
Arid  0.05 ≤  AI < 0.20 
Semiarid  0.20 ≤  AI < 0.50 
Dry sub-humid  0.50 ≤  AI < 0.65 
Wet sub-humid  0.65 ≤  AI ≤  0.75 
Humid  AI > 0.75  
 

The higher the AI classification of a region, the greater the water resources variability, which 
in turn tells us about (spatial) differences in irrigation water requirement.  Understanding the 
within season aridity distribution is critical for agricultural management and irrigation 
performance management in particular.  Insights into the spatial distribution of the Aridity 
index helps to detect where and when there are increased irrigation requirements within a 
command area.  
 
INDICATOR  9:  Water shortage  

As a measure of irrigation adequacy, the framework investigates the presence and severity of 
water shortages during the crop growing season. This will be accomplished through mapping 
the estimated relative ET (RET), which is the ratio of the actual ET𝑎  to the potential ET𝑝 . 
Potential ET is the level of water consumption that a specific crop could potentially reach 
(without water stress).   

                                                 
9
 The traditional rice-wheat cropping systems may become unstable due to climatic change and degradation of 

natural resources e.g., rice-wheat cropping system has been highly water intensive.   
10

 FAO Aridity Index 
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Literature suggest that RET values of 0.75 and higher are considered satisfactory for irrigated 
agriculture.11  By using RET of 0.75 as a possible benchmark,  one can then measure the area 
facing water shortage during crop growing season (in ha), and thus determine the total area 
(or the % share) of the irrigation scheme area that has not received adequate water supply. 
The difference between this measure and indicator 3 ‘Reliability of supply during peak 
season for main crops’ is that this is not a temporal measure of ‘shortage’ during defined 
crop growth peaks measured in days, but rather a spatial measure of different levels of 
severity of relative ET throughout the production season.  
 
INDICATOR 10:  Sustaining the water balance 

A long-term positive water balance is the basis for sustaining hydrological ecosystem 
services alongside with adequate availability of irrigation water.  Remote sensing allows to 
map spatial variation in water availability (i.e., cumulative precipitation minus ET over x 
years) and to determine the ‘depleted water faction’ (DF). DF is a term used in the water 
accounting literature and refers to the consumptive water use coefficient of crops (another 
way of looking at water application efficiency), and as such provides information on the 
fraction of water that has been depleted from available resources. It is calculated as 

DF= Eta/ (Pg+V) 

where Pg = gross precipitation over the study area; and V = volume of applied (Va) or 
diverted (Vd) water (Bos et. al., 2005).  The framework proposes to monitor presence of “hot 
spot” areas, where water has been (becoming) consistently deficient over the past 5-10 
years, and subsequently measure observed trends in the aggregated size of the hot spot 
areas (in ha) as a proxy for scheme management performance in sustaining the water 
balance. It can also become meaningful to assess the sensitivity of DF towards variability of 
rainfall and Vd and draw conclusions about the long-term adequacy and reliability of DF.  

 
  

                                                 
11

 Saleh Taghvaeian, Christopher M. U. Neale, John C. Osterberg;Subramania I. Sritharan; and Doyle R. Watts, 
Remote Sensing and GIS Techniques for Assessing Irrigation Performance: Case Study in Southern California, J. 
Irrig. Drain Eng., 2018, 144(6): 05018002 
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3. The potential of remote sensed data for measuring irrigation performance  

Accurate and timely information on irrigation performance has significant water 
management, economic, policy, and environmental implications. For example, spatially 
disaggregated metrics can help identify best and worst performing parts of an irrigation 
project and, by extension, allow targeted intervention. Traditionally, performance within 
irrigated schemes have been measured with the help of ground-based surveys that are very 
costly and do not provide information sufficiently detailed to determine either the extent or 
the geographical distribution. It is also becoming increasingly clear that these ground-based 
performance indicators are fraught with errors, primarily caused by biased assessments of 
irrigation performance. An alternative approach is to augment or even replace these ground-
based measurements with remote sensing.  

Synoptic view, spatial coverage, spectral response, and the digital nature of data are some of 
the advantages of using remotely sensed observations in irrigation performance 
assessments. Such data permit the preparation of base maps on land-use classification, crop 
type mapping, locating irrigated areas, measuring evaporative water use as well as 
productivity of crops grown in irrigated fields. Remote sensing is particularly attractive for 
agricultural applications as the vegetative phenomena associated with agriculture are 
dynamic due to sowing, growth, and harvest practices and remote sensing offers the ability 
to appraise vegetation conditions at any time essential for crop condition, yield assessment, 
and water use. Thus, remote sensing and the variety of methods to process image data 
represent essential tools for the enhancement of traditional measures of irrigation 
performance.  Please see Annex I for detailed description of the remotely sensed 
observations and tools used in this study. 
 
Hence, Table 1 provides an overview of the theory-based selection of performance 
indicators and the remote sensing based observation technologies applied for indicator 
measurement.  
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Table 1. Indian RS-IPMS: theory-based selection of performance indicators. 

Long-term Outcome 1:     Cost-effective and equitable access to irrigation water  

Sub-dimension of 
Performance  

Indicator  RS Method 

1.  Water saving potential   
 

Difference in consumptive water use between farms in the 
same area that produce the same yield 
 
Description  
Difference in consumptive water use between farms that 
produce the same yield but at the cost of very different water 
use patterns, under the same climatic and soil conditions. 
 
Possible Benchmark Measures 

 yield zone mean ET value 
 other ET values 

diffETiz is the consumptive water use (ETiz) (as 
measured by ET) difference between field i in 
yield zone Z and the mean water consumption 
of all the fields in the same yield zone.  Then 
the water savings potential in each yield zone 
(WSPz) is computed as the sum of all the 
positive ET differences.  WSP values in each 
yield zone can then be aggregated to calculate 
the total savings potential across a scheme 

2. Equitable delivery  Water consumption uniformity across space (plot, command, 
state) and time (e.g. rabbi, kharif) 
 
Description  
The WCU is a measure of irrigation equity at two levels, namely, 
across irrigation units/ blocks within command areas and across 
command areas within a state 
 
Possible Benchmark Measures 
area (in ha) / # of blocks with a CVw of less than 15% (or tbd);   
 # of schemes within state with CV ETa of less than xx %    

Variation of ET 
-coefficient of variation (CV) for ET𝑎 . 
 across the spatial constituent units of the 
basin, scheme, province (by season, annual, 
monthly 
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3. Reliability of service  1. Reliability of supply during peak season for main crop 
 
Description  
Describes the sufficiency of water availability for crops’ 
consumption throughout the season. Crop water stress 
(especially during certain growing stages) has a negative effect on 
crop yield. Therefore, access to reliable water supply is critical for 
irrigation farmers and one dimension of irrigation system 
performance. 
 
Temporal ‘coefficient of variation’ (CV) of Relative ET within 
blocks of schemes and across schemes, is used for the 
assessment of the water reliability. A higher range of the CV of 
RET indicates that a supply-based irrigation system provides 
unreliable water supplies to the users, and therefore may require 
management interventions.  
 
Possible Benchmark Measures 
 
critical value at RET ≤ 0.65   
good: RET > 0,8 
fair: RET 0,65 - 0,8  
poor:  RET  < 0,65 
 

Variation of RET 
‘coefficient of variation’ (CV) of Relative ET 
a higher range of the CV of RET (during peak 
season) shows that the supply-based irrigation 
system delivers unreliable water supply to 
users 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Long-term Outcome 2:     Productive Use of Water  
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Sub-dimension of 
Performance  

Indicator  RS Method 

1. Scheme Utilization  Scheme Utilization Index (SUI):  Scheme Area Utilized (SU)  divided 
by the reported Irrigation Potential Created (IPC) 
 
Description: 
This indicator measures the degree of scheme area utilization in 
relation to the reported total scheme area constructed. 
“Utilization” means that irrigated crops are being produced -  
verified through remote sensing technics. 
 
Possible Benchmark Measures:  
1. The higher the actual SUI (for a scheme or a group of schemes in 
a state) the better the performance;   
2. The higher the (annual) improvement of the SUI (for a scheme 
or a group of schemes) the better the performance  
 

Observed vegetation index, and radar for 
specific crops (e.g., rice) are used to detect 
changes in irrigated cropping for a defined 
time period  

2. Cropping intensity  Cropping Intensity Score (CIS)= number of crop cycles observed, 
weighted by the respective share of total utilized scheme area 
 

Description: 
This indicator measures the fraction of the total Scheme area 
utilized (SU) that is harvested (i) once, (ii) twice (iii) three times or 
more from the same field during an agricultural year. 
 
Possible Benchmark Measures:  

 to be defined in scheme management plan, e.g., at least 
1.5 or 2 

No. of peaks of observed vegetation index in a 
given area  
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3. Crop Water 
Productivity 

Average Crop yield per unit of water evaporated  
(for a given area and time period)  
 
Description: 
This indicator measures spatial and temporal variation in crop 
water productivity within and across command areas.  
 
Possible Benchmark Measures 
1. Degree of uniformity in CWP with a scheme 
2. Average CWP in Rice-Wheat irrigated production systems  
3. Site-specific CWP targets  
4. Scoring by crop yield zone  
 

• Estimated seasonal ET  
• Estimated crop yield/ biomass 

 
=>physical crop production in terms of fresh 
yield to the ETa: 
CWP (kg m−3) = Yield (kg ha−1) / ETa (mm 
season−1) × 10 

4. Resilience to Water 
Stress 

Level of adaptation of cropping pattern to the seasonal Aridity 
Index by agro-climatic zones  
 
Description 
Describes the scheme ability to adapt and withstand chronic stress 
as a results of climate change - as reflected in the adoption of new 
cropping patterns. Remotely sensing, mapping and interpreting 
the differences in NDVI helps to detect (new) cropping patters, 
which when overlaid with the aridity index will help to identify and 
visualize (i) the suitability of the observed cropping patters for the 
local agro-climatic conditions, and (ii) agricultural diversification as 
an indicator for resilience to climate change.  Finally, it can help to 
pinpoint priority intervention areas with particular low seasonal 
AI. Hence, no single indicator is being proposed, since resilience is 
a highly complex concept. 
 

AI method  
Spatial and temporal changes/variations (i.e., 
abnormalities) in the observed NDVI time 
series. 
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Possible Benchmark Measures 
1. Share of total irrigated cropping area changing from traditional 
rice-wheat rotation systems to cropping patterns that are more 
suitable to the aridity level within the past 10 years; 

 

Long-term Outcome 3: Adequate and reliable availability of water for irrigation in a sustained hydrological ecosystem services regime  

Sub-dimension of 
Performance  

Indicator  RS Methodology  

1. Seasonal Water Stress  (Seasonal) Aridity Index (AI) =) = ratio between mean annual 
precipitation (P) and reference evapotranspiration (ETo) 

 
Description  
Measures degree of dryness of the climate at a given location; 
the higher the aridity indices classification of a region is, the 
greater the water resources variability, which in turn tells us 
about spatial differences in irrigation water requirement. 
 
Classification Aridity Index 
Hyperarid  AI < 0.05 
Arid               0.05 < AI < 0.20 
Semi-arid  0.20 < AI < 0.50 
Dry subhumid  0.50 < AI < 0.65 
 
Possible Benchmark Measures 
1. % share of scheme area (in ha) with a seasonal AI (for 
kharif) of less than 0.2 

 



Towards a RS-IPMS for the Indian Irrigation Sector June 12, 2020 
 

 21 

2. Water shortage 1. Area facing water shortage during crop growing season 
(ha)  
 
Description 
Investigate the presence and severity of water shortages 
during the crop growing season  
 
Possible Benchmark Measures 
1. % share of scheme area facing a RET less than 0.75 

Relative ET= ratio of ET𝑎  to ET𝑝  
 
 

3.  Sustaining water balance  Depleted fraction  
(i.e., consumptive water use coefficient of crops) 
 
Description 
Maps the spatial variation in water availability (i.e., cumulative 
precipitation minus ET over x years) and to determine the 
‘depleted water faction’ (DF). DF is a term used in the water 
accounting literature and refers to the consumptive water use 
coefficient of crops, and as such provides information on the 
fraction of water that has been depleted from available 
resources;  
 
Possible Benchmark Measures 
1. % change in “hot spot” areas (in ha) where water has been 
consistently deficient over the past 5-10 years (i.e., water 
balance of < 0) ; measures observed trends in the aggregated 
size of the hot spot areas (in ha) as a proxy for scheme 
management performance in sustaining the water balance. 

Depleted Fraction (DF)= Eta/ Pg+Vd  
Pg = gross precipitation over the study area; 
and Vd is the Volume of diverted water. 
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PART 2: Application and Findings as exemplified by selected schemes 
 
 
 
 
 
 
 
 
To test the efficacy and the reliability of remote sensing-based irrigation performance 
metrics, we applied the selected indicators listed in Table 2 to 10 irrigation schemes. The 
irrigation schemes are presented in Figure 12 and Table 3. The schemes were selected based 
on environmental characteristics as well as diversity of irrigation management practices and 
are located in diverse climatic regimes, ranging in mean annual rainfall between less than 
800 mm (Jurala) to over 3,000 mm (Bordikarai). The schemes also have various sizes, some 
major (e.g. Eastern Ganga) and some really small (Shahnehar).  
 
The goal is to combine the remote sensed observations, power of machine learning, crop 
modeling, and data assimilation techniques in an applied form to derive a number of 
indicators in an effort to “tell a quantitative story” of each project.  To this end, indicators 
for each project are first listed in a summary table (Table 4) and then described in detail in 
the following section. 
 
Figure 3. Location of schemes used in this study. 

 

 
 
 
 

Key messages: The performance analysis for the ten schemes using the proposed 
performance metrics can be considered a ‘proof of concept’ of this innovative approach. 
As remote-sensing observation technology and models are increasing at a high pace their 
reliability and robustness, the proposed framework will similarly gain importance as a 
low-cost alternative for effective measurement of irrigation performance.  
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Table 2. List of schemes and their basic characteristics used in the study. 

Project State Area 
[ha] 

Cultivated 
Area [ha] 

Average 
rainfall [mm] 

Average 
ET [mm] 

Bordikarai Irrigation Project AS 27,689 19,960 2,884 789 

Eastern Ganga Canal UP 568,579 536,044 1,022 981 

Jurala (Priyadarshini) TG 72,709 68,062 780 839 

Karjan GJ 76,158 73,543 982 830 

Mahi Bajaj Sagar RJ 249,342 229,831 888 805 

Sanjay Sarovar (Upper Wainganga) MP 73,038 72,100 1,277 726 

Shahnehar Irrigation Project HP 7,483 6,300 1,086 847 

UBDC System PB 817,352 785,755 857 1,009 

Upper Kolab OR 89,691 73,003 1,547 835 

Upper Wardha Project MH 97,702 97,000 1,133 733 
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1.  Results at a glance  
 
Table 3. Irrigation performance metrics of the 10 schemes at a glance. 

S. No. Project Name  

Cost-effective and equitable access to 
irrigation water  

Productive Use of Water  Sustained hydrological ecosystem 
services regime   

Water 
Savings 

Potential1 

Water 
consumption 
uniformity 2 

Reliability 
of 

supply3 

Scheme 
Utilization 

index4  

Cropping 
intensity5 CWP6 

Water 
stress 
(AI)7 

Water 
shortage8 

Sustained 
water 

balance9 

1 Shah Nehar Project low 9% 5 100% 2.77   0.67 high 0.39 

2 Eastern Ganga Canal low 11% 16 90% 2.94   0.63 low 0.52 

3 Boradikarai medium 25% 29 50% 2.93   1.72 low 0.25 

4 
Upper Kolab Project, 
KBK medium 

15% 25 98% 1.51 
  

0.93 low 0.32 

5 Karjan low 16% 5 N/A 2.53   0.32 high   

6 
Upper Bari Doab Canal 
(UBDC) 

medium 10% 52 56% 2.63 2.3 0.48 low 0.72 

7 Mahi Bajaj Sagar low 10% 0 88% 2.39   0.39 very high 0.40 

8 Priyadarshini Jurala low 24% 4 98% 1.95   0.27 high 0.57 

9 Upper Wardha low 18% 7 90% 2.23   0.53 high 0.49 

10 Upper Wainganga low 9% 9 98% 2.34   0.59 high 0.45 

 
1 Refers to the relative reduction in consumptive water use for selected crops between crop cycles. .In this example, wheat (Rabi crop) cropped area in the 
UDBC scheme with full season ET is compared across yield zones to quantify excess/deficient water consumption to produce the same amount of crop yield.  
The water savings potential is then computed as water used/consumed in excess of the mean water use in the same yield zone. 

2Refers to Coefficient of Variation (CV) in ET in a crop growing season – higher CV higher diversity of water delivery/crop use. 

3Refers to the number of days RET is above 0.75 during the critical phases of crop growth – lower numbers mean crop water requirements are rarely met. 
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4Amount of potential irrigated area utilized across seasons as detected from remote sensing but corrected for “double use” between seasons.  This index is 
similar to the traditional definition of IAU used in Indian irrigated schemes but removes the double cropped fields/blocks.  The lower the value, the less the 
scheme is effectively utilized. 

5Number of cropping cycles including between season pulses – medium > 2 ; low = 1 at most per year and high is >= 3 per year or crop year. 

6Crop Water Productivity defined as yield divided by seasonal crop water use (ET) by crop type. The number in the table refers to scheme average. 

7Aridity Index defined as rainfall divided by Potential ET. 

8Refers to the ability of a system to meet water demand of crops. 

9Refers to Depleted Fraction variable defined as areal ET divided by the sum of precipitation and diverted (delivered) water. 
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2. Detailed Analysis 

a. Cost-effective and equitable access to beneficial water 

The study focused on three schemes: UBDC, Boradikarai, and Shahnehar. The first example 
focuses on the spatial variability of seasonal water use as measured by remote sensing-
based ET in UDBC and Boradikarai (Figure 4). In the case of UDBC, there is a very strong 
homogeneity in ET associated with irrigation. Two things contribute to this observation. First 
is the fact that there is relatively low diversity of cropping pattern in this scheme, primarily 
characterized by wheat (Rabi) and rice (Kharif). Second, there appears to be a quasi-
continuous delivery of water, particularly during critical growth phases of these two crops, 
ensuring reliable availability. In contrast, the Boradikarai schemes has a large cropping 
diversity with different crops over small distances, requiring multi-phased delivery that the 
system does not appear to be capable of. 
 
Figure 4. Spatial pattern of seasonal ET in UDBC (left panel) and the Boradikarai (right panel) 
schemes. The white/transparent areas indicate non-irrigated (non-cultivated) locations. 

 
The second remotely sensed irrigation performance indicator presented here pertains to the 
Reliability of Service measure and is exemplified in two schemes UDBC and Shahnehar. In 
particular, we use the RET (Relative ET) defined as the ratio of actual to potential ET and 
specifically its temporal behavior as indication of reliable water availability (Figure 5). Of 
note here is the idea of the temporal behavior in which critical growth stages of a crop of 
interest is targeted.  This is distinguished from the spatial behavior covered in indicator 9 
described below.  The temporal indicator proposed here is exemplified in the UDBC system.  
More specifically, focusing on the Rabi season (wheat growing conditions) in the UDBC 
system, our analysis suggests that during critical growing phases of wheat (such as early 
growth and mid-season anthesis periods), sufficiently reliable water is available. This is 
quantified by looking at actual ET (what is used by the crop) and its ability to satisfy the crop 
demand (potential ET) during the growing period. For example, in the 2017/2018 growing 
season, an important portion of wheat water demand (> 75 percent) is satisfied (Figure 5a). 
Note that in this definition, when RET exceeds 1 (or 100 percent) it indicates that water 
requirements of the crop of interest have been met during the critical growth stages. 
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Figure 5a. Daily course of Relative ET (blue line) and vegetation activity (orange line) in the UDBC 
project in the 2017/2018 Rabi season. The red horizontal line indicates the 75 percent availability 
threshold. 

 

 

In contrast, the Shahnehar project water availability (as indicated by the time course of RET 
variable) is consistently below the generally accepted threshold of 0.75 in the same season. 
Regardless of the crop type mosaic in this project (which is available from remote sensing), 
crop water demand is rarely met in Rabi 2017/2018, potentially indicating severe shortage of 
water and distressed yields.  To this end, the temporal behavior of RET used here is used to 
measure reliability as opposed to adequacy as targeted in indicator 9. 
 
Figure 5b. Daily course of Relative ET (blue line) and vegetation activity (orange line) in the 
Shahnehar project in the 2017/2018 Rabi season. The red horizontal line indicates the 75 percent 
availability threshold, which is generally considered to be adequate. 
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The third remotely sensed irrigation performance indicator presented here pertains to the 
Water Saving Potential measure and is exemplified in the UDBC project. In particular, we 
compute WSP as the amount of consumptively used water (through ET) that is above and 
beyond the amount to satisfy the yield target. To demonstrate this concept, the study 
focused on irrigated wheat in the Rabi season and used remotely sensed yield maps to 
identify yield zones, defined as fields/blocks with similar yield values/goals. We particularly 
focus on two extreme cases – the first quartile (i.e. the lowest 25% of observed yields) and 
the third quartile (i.e. the highest 25% of observed yields). In the case of UDBC wheat yield, 
the first quartile is identified as locations having lower than 3.5 tons/ha while the third 
quartile is identified as locations having greater than 4.85 tons/ha (Figure 6).  Several 
conclusions can be drawn from this analysis. First, the bottom and the top yielding locations 
have roughly equal areas, but their water use patterns are different. More specifically, the 
lower wheat yielding areas have slightly lower water consumption while higher yielding 
areas appear to consume more water, which is not very surprising. Second, although the 
lower yielding areas have a lower water consumption pattern on average, the water savings 
potential in these areas, computed as greater-than-average water consumed in fields/blocks 
is larger (about 300,000 m3) when compared to the water savings potential in the higher 
yielding locations (about 200,000 m3). In other words, our analysis suggests that lower 
yielding fields/blocks have higher potential for water savings than their higher yielding 
counterparts.  Third, despite their differences, these two very different wheat yield cases 
suggest roughly 0.5 MCM (500,000 m3) water savings potential, assuming all other 
environmental variables are held constant. In our view, this is a conservative estimate and 
does not include all other intermediate yielding locations, suggesting that, at least in the 
UDBC project, there is sizeable potential for water savings to achieve the same yield goals. 
 
Figure 6a. Locations identified in red as having Rabi wheat yield in the lower 25% (left panel) and 
seasonal ET associated with wheat in this quartile (right panel). 
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Figure 6b. Locations identified in red as having Rabi wheat yield in the upper 25% (left panel) and 
seasonal ET associated with wheat in this quartile (right panel). 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b. Productive use of water 

Scheme utilization has been assessed for all 10 schemes and in more detail for the Upper 
Wainganga project. First, the irrigated area across two seasons is estimated by means of 
image classification and the results are tabulated in Table 4.  
 
Table 4. Reported and remotely estimated scheme utilization indices for the sample projects. 

No. Project Name 
Irrigation 

Potential Created 
(IPC) (in ha) 

State 
reported 
IPU (in %) 

Remotely 
Sensed 

IPU (in %) 

Rabi only 
(in ha) 

Kharif 
only 

(in ha) 

1 Shah Nehar 15,287 66% 130% 11,561 8,241 

2 Eastern Ganga Canal 104,000 93% 94% 47,509 50,570 
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3 Boradikarai 16,470 46% 52% 200 8,390 

4 Upper Kolab (KBK) 42,240 100% 114% 3,510 44,501 

5 Karjan 51,000 100% N/A N/A N/A 

6 
Upper Bari Doab 
Canal (UBDC) 

513,000 54% 82% 386,698 33,312 

7 Mahi Bajaj Sagar 80,000 90% 107% 56,452 29,138 

8 Priyadarshini Jurala 42,387 77% 100% 3,075 39,316 

9 Upper Wardha 70,169 107% 117% 18,459 63,336 

10 Upper Wainganga 45,677 145% 151% 40,852 28,049 

 
This utilization index is estimated in more detail for the Upper Wainganga project. In 
particular, we present two different seasonal views of irrigated rice cultivation in the project 
and show how geographic distribution of rice follows the pattern of water delivery canals in 
the 2018/2019 crop year (Figure 7). First, a large portion of this project is used to grow rice 
in two seasons. Second, regardless of the irrigation nature of the project, there are rainfed 
areas (less 10 percent) that may be beyond reach of the delivery systems. Third, roughly half 
of the irrigated area is utilized twice per year (in both seasons), hence creating a rice over 
rice situation. It is interesting to note that this rice overlap area appears to be concentrated 
along the canals, which makes sense given the purpose of the water delivery mechanisms 
built in the first place. It is also noted that because of increased water availability, Kharif rice 
is cultivated across the project area, in some cases at a considerable distance from the main 
canals. 
 
Figure 7. Spatial distribution of rice in the Upper Wainganga project. The reader is referred to the 
legend for color interpretation. The dark lines within the project area indicate main water canal 
locations. 
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Based on these findings, it is possible to produce an additional scheme utilization index that 
accounts for the “double” use if the same irrigated area is utilized across two growing 
seasons. We illustrate the use of such index in the Upper Wainganga project in Figure 8. In 
particular, we note that while the reported (and remotely sensed) IPU is around 150%, the 
scheme utilization index calculated in this study suggests that only about 98% of the scheme 
is being actively utilized because we subtract the double cropped area from the IPU as 
illustrated in the right-most bar in Figure 8. The IPU value masks the total size of the actual 
scheme area that is utilized. For example, an IPU of 100% could mean two (or more) things 
with respect to utilization or underutilization – it could mean that the whole scheme area is 
irrigated once, but it could also mean that 50% of the area is being irrigated twice, while the 
remaining area is not utilized at all, which however could have multiple reasons (e.g., water 
shortage, break-down of infrastructure, farmer production preferences). Separating the 
measurement of the geographical area being irrigated from the cropping intensity on the 
same area then becomes more meaningful for performance management purposes. 
 
Figure 8. Example use of the proposed scheme utilization index in the Upper Wainganga project that 
combines reported and remotely sensed areas of irrigated crops. The general idea is to account for 
the double use of irrigated area and subtract that area from the IPU. 
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The second indicator under the productive use of water goal is the cropping intensity score, 
measured as the weighted sum of all cultivated areas that are harvested once, twice, or 
three times across the two growing seasons (Rabi + Kharif). We provide examples from the 
Upper Kolab project (Figure 9). In this project, roughly 58 percent of all the cultivated areas 
is harvested once per crop calendar year, another 33 percent is harvested twice and the rest 
(9 percent) is harvested three times as indicated by different colors in Figure 9. As a result, 
the Upper Kolab project has a cropping intensity score of 1.51 (58% x 1 + 33% x 2 + 9% x 3), 
giving this project a “moderately utilized” designation. 
 
The third indicator under the productive use of water goal is Crop Water Productivity, 
defined as the amount of water consumed per unit of biomass (yield) produced. We 
estimate this indicator in the UDBC project, focusing on irrigated wheat in the Rabi season 
(Figure 10).  
 
The spatial patterns of yield, water use, and crop productivity are informative here. For 
example, the UDBC project area as a whole exhibits relatively homogenous water use (ET) 
patterns, suggesting that the primary driver of spatial variation in crop water productivity is 
crop yield. This is an important observation as it indicates not only the potential for 
improvements in water use (less consumption) to grow the same amount of biomass, but 
also pinpoints the specific locations where intervention can take place. 
 
 
 
Figure 9. Map of cropping intensity in the Upper Kolab project. Refer to the legend for color codes. 
White colored areas indicate non-cultivated locations within the project. 
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Figure 10. Components of crop water productivity in the UDBC project in 2018. (left panel) 
estimated Rabi wheat yield; (center panel) estimated seasonal (Rabi) water consumption (ET) 
associated with wheat; and (right panel) crop water productivity. Bright red areas in the left and 
center panels indicate locations of no cultivation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
c. Sustained hydrological ecosystem services 

To illustrate the use of remote sensing in measuring irrigation performance indicators 
associated with the sustained use of water and hydrological ecosystem services, we again 
focus on the two schemes (UDBC and Shahnehar) and the use of RET. In particular, the RET 
indicator is used to quantify the cumulative effects of water shortage and their severity 
(Figure 11). To derive this indicator, we locate all irrigated fields in each project and then 
identify the period of vegetation canopy cover (full vegetation cover), which is an indication 
of maximum water requirements. We then count the fields (or irrigated blocks) in which 
irrigation water demand (as quantified by PET) is satisfied by actual ET (water consumed) at 
the 75 percent level (RET >= 0.75). The number of fields (or irrigation blocks) that meet this 
criterion is then compared to the total fields (or irrigation blocks) and a fraction is calculated. 
We use this fraction as an indicator of sustained water use of water in a project. 
 
Figure 11. (left panel) false color composite (where red colors indicate irrigated crop presence) 
satellite image of an area in south-central UDBC project. (right panel) Frequency of RET exceeding 
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the 0.75 threshold in the same area. Darker green colors indicate locations where irrigation water 
demand is satisfied while yellow areas represent fields with inadequate water supply in Rabi. 
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4. Towards a Performance Typology of Irrigation Schemes  

The underlying Theory of Change described earlier can be differentiated into six typologies, 
each with different interrelated combinations of (performance) attributes that are 
determining the observed outcomes. In doing so, this not only helps to get a better grip of 
describing the complexity of factors that are driving the performance of each scheme, but it 
can also help to explain the variance in the observed performance outcomes.12  
 
Table 5 lays out the six performance typologies (for the underlying Theory of Change) and 
attempts to map schemes to each type, along with a plausible recommended pathway 
analysis necessary for making future intervention decisions. 
 
Table 5. Performance types and recommended pathway analysis. 

Performance 
Type 

Performance pattern 
Scheme 
example 

Recommended pathway 
analysis  

(“Deep Dive”) 
 

E/P/hesr 

Equitable, relative 
productive in a stable 
hydrological ecosystem 
service regime (hesr) 

Eastern 
Ganga; 
Upper Kolab 

Explore opportunities for further 
increasing productive use of water - 
i.e. further intensification and/or CWP 
increase 

E/P/u-hesr 

Equitable, relative 
productive in an 
unsustainable hesr  

UBDC Explore opportunities for further 
increasing productive use of water, 
and assess the sustainability of the 
volume of water diverted available for 
continuing irrigation water supply 

i-E/P/hesr 
Inequitable, but 
productive, and stable 
hesr 

Upper Kolab Explore scope for improving water 
delivery infrastructure, both in terms 
of reach and reliable delivery 

i-E/u-P/hesr 

Inequitable, low 
productivity while stable 
hesr 

Boradikarai Explore scope for (i) improving water 
delivery infrastructure, both in terms 
of reach and reliable delivery; (ii) 
improved agronomic solutions 

i-E/ P/u-hesr 
Inequitable, relative 
productive but 
unsustainable hesr 

Mahi Bajaj 
Sagar 

Explore options for reducing non-
beneficial depletion (e.g., adjusting 
cropping calendar and/or crop types) 

i-E/u-P/u-
hesr 

Inequitable, low 
productivity and 
unsustainable hesr  

Priyadarshini 
Jurala 

Explore scope for (i) improving water 
delivery infrastructure, both in terms 
of reach and reliable delivery; (ii) 
improved agronomic solutions 

 

 
5. Conclusions 

Measuring irrigation performance is a complex and difficult issue in India and, as a result, 
detailed and project specific assessments have generally not been available.  To address this 
issue, a remote-sensing guided Irrigation Performance Measurement System (RS-IPMS) is 
proposed with the understanding that only a set of variables needed for a comprehensive 
assessment of irrigation performance can be measured from space.  The goals of the RS-

                                                 
12 D. Harold Doty and William H. Glick, Typologies as a Unique Form of Theory Building: Toward Improved 
Understanding and Modeling, Academy of Management Review, 1994, Vol. 19, No. 2, pp. 230-251. 
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1. Accountability 

2. Performance Management 
and Strategic Planning 

3. Enter Deep Dive: 

Scheme-level pathway 
analysis and adaptive 

management 

Availability of reliable spatial & 
temporal data for better

• Progress monitoring 

• Outcome-level results reporting 

Performance Typology 

• cost-effectiveness, equitability, water 
productivity, and sustained hydrological 
ecosystem services 

Internal/External Benchmarking 

Finding balanced solutions, in terms of   

• Reducing non-beneficial depletion

• Increasing water productivity

• Optimizing water allocation

• Tapping of un-committed water flows

OPPORTUNITIES FOR UTILIZING THE RS-IPMS

IPMS are to be transparent and unbiased monitoring tool, focused on outcomes from 
irrigation delivery services, be rooted in an underlying Theory of Change from which valid 
and reliable indicators are being derived, offer new and previously unobserved perspectives 
on irrigation performance, and be cost-efficient.  Within this scope, the RS-IPMS is built on 
three outcome indicators that quantify i) the availability and distribution of water for 
irrigation purposes; ii) the productive use of water to achieve crop production goals; and iii) 
the hydrological state of an irrigation project including long term sustainability.  Application 
of this framework to ten diverse irrigation schemes across India suggests that operational 
remote sensing guided performance indicators can play an important role in the Indian 
irrigation sector by complementing the traditional supply-based and financial assessment 
frameworks, with a view towards a reliable, comprehensive, and a cost-effective 
performance measurement system at the national level. 

PART 3: Opportunities for Utilizing the RS-IPMS 
 
 
 
 
 
 
 
 
 
 
 
 
The RS-IPMS can be used in multiple ways, targeting different groups of audiences ranging 
from the general public to financiers and decision-makers at different administrative levels 
down to scheme managers and water user groups. Primarily, it can be used as a tool to 
make performance data available in a transparent and consistent manner and for 
accountability to financiers, beneficiaries and Indian taxpayers. Secondly, once the data is 
available in can be used for performance management and strategic planning purposes by 
decision-makers in government, and thirdly as a source of evidence for initiating in-depth 
analysis for adaptive management and learning (Figure 12). 
 
Figure 12: Opportunities for utilizing the RS-IPMS. 

Key messages: The RS-IPMS can be used for a variety of purposes and audiences that 
ranges from the general public to financiers and decision-makers at different 
administrative levels down to scheme managers and water user groups. Particularly, it 
can be used as a transparent tool for demonstrating accountability for development 
results attributable to public investments. Moreover, it can guide geographically targeted 
performance management decisions and benchmarking based on the visualization of 
remotely-sensed evidence from the ground and its robust analysis. Once it is well 
established, it can inform policy making and enable adaptive management decisions 
based on a deepened understanding and learning about the causal chains driving 
performance. 
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1. Demonstrating transparency and accountability  
The first and foremost use of performance information of public irrigation investment is to 
demonstrate transparency and accountability to Indian taxpayers, and Indian farmers in 
particular. As such it can answer the key question: “What has been the progress made 
towards achieving the intended development outcomes (in terms of equitable access, 
productive use, and the government’s ability to make water available while sustaining the 
hydrological ecosystem regime), that support farmers ability to economically and socially 
thrive? What is the evidence for the actual achievement of those development outcomes?” 
Making valid and reliable data available across publicly financed schemes increases the 
transparency and accountability for results in the irrigation sector at large. Possible 
communication platforms for making this information publicly accessible could be online 
“Irrigation Performance Dash Boards” with cascading aggregation-levels of performance 
information - from national level, to state level, to an individual scheme.  
 
2. Performance Management and Strategic Planning  

Putting in place progress and results monitoring systems is vital for effective performance 
management by managers and decision-makers at different levels. As such the data made 
available in a Dashboard, needs to meet users’ information needs in terms of spatial and 
temporal aggregation level. This will require the development of easy to use interfaces that 
allow to generate customized reports with relevant descriptive analysis of the indicators, 
cross tabulations, trends etc. In addition, mapping of schemes against defined performance 
typologies, that help to highlight the predominant risks can also be useful for decision-
making about fund allocations, interventions and policy-making. Using the data for internal 
and external benchmarking could be another option to consider. Finally, complementing the 
remote sensing-based data with financial and socio-economic data (e.g., operational 
effectiveness of water use groups, agronomic practices, markets) will certainly further 
enhance the robustness and relevance of the analysis.  
 
3. Entry point for a “Deep Dive” Analysis at scheme level 

Thirdly, the RS-IPMS can serve as a comprehensive and consistent source of evidence for 
initiating a geographically targeted in-depth analysis of schemes, which can then strengthen 
more timely adaptive management and learning. There are multiple approaches to 
conducting a deep dive analysis. E.g., a pathway analysis could help (i) better understand the 
causal mechanisms at work for a specific scheme, and (ii) validate hypotheses coming out of 
the RS-IPMS based analysis.  
 
This work will require analytical capacity development at scheme management level, that is 
potentially linked to a decision support system for scheme managers. Analytical capacity can 
be strengthened, for example, through the establishment and facilitation of communities of 
practices (i.e., forum for scheme managers), a technical assistance facility, as well as a series 
of relevant learning events. 
 

4. Learning and Adaptive Management  

Utilizing the system for effective performance management will stimulate learning within 
the sector, and hence generate a learning loop that yields a deepened understanding of the 
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causal chains driving performance, and thus enabling adaptive management at all levels 
(see Figure 13). Measuring, visualizing and analyzing irrigation performance in a 
differentiated way using a RS-IPMS, that goes hand in hand with a geographically targeted 
validation (“deep dive”) of problem areas will be able to provide an integrated picture of the 
situation at hand. Subsequently, feeding this information - together with other sources of 
performance evidence (e.g. financial and institutional performance indicators) - into the 
institutional performance management and strategic planning processes of the irrigation 
sector/scheme at large, will help key actors, decision-makers and stakeholders to better 
weigh efficiency and effectiveness of intervention options, and eventually would be able to 
achieve impact in contributing to Indian farmers prosperity. 
 
Figure 13. Theory of Change with Learning Loop. 

 
 
 
 
 
6. Caveats 

The analysis presented here suggests that remote sensing-based indicators can be a useful 
tool to measure irrigation performance under a variety of climatic conditions and cultivation 
practices. Nevertheless, when using the proposed framework, it is important to be careful 
about a number of issues: 
 
Issues related to groundwater use. As described in section 1.1, there is extensive use of 
ground and surface water resources in a conjunctive manner in many irrigated commands in 
India.  Given the evidence that surface water often contributes to groundwater at peak 
irrigation periods due to percolation/infiltration so the real source of groundwater that may 
be of use in a command area is hard to pinpoint.  In this work, the remotely sensed 
indicators used here describe irrigation performance within a command regardless of the 
water source.  In many ways, this view is in line with a water manager’s perspective within a 
command that tries to maximize water delivery in an equitable and sustainable way.  While 
several options may exist to separate the contribution of groundwater to irrigation in a 
command whose performance is being measured, none were implemented in this study. 
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Issues related to lack of ground observations to parameterize/validate models. As 
described earlier, remotely sensed observations allow us to generate knowledge on 
irrigation performance indicators at a high spatial and temporal resolution so detailed 
analyses in different fields can be performed. However, it is crucial that the acquired 
information is reliable in order to be useful in performance assessment. To this end, the 
analysis presented here has not been subjected to the strict standards of a validation 
exercise to understand potential shortcomings. At the same time, the purpose of the 
proposed framework is not necessarily to accurately quantify each variable but demonstrate 
the potential of remote sensing in irrigation performance assessment in India. This view 
suggests that the spatial/temporal patterns presented from various projects are real, have 
been obtained at a relatively low cost, but their absolute quantities may be in question. In 
the future, any operational remote sensing guided irrigation performance program must 
include parameterization/validation as a natural (and a required) part. 
 
Issues related to cloud cover in the Kharif season. Optical remote sensing measurements in 
India in the Kharif season are afflicted by near-constant cloud cover that inhibit the view of 
the ground for effective analysis. There are several ways to deal with the cloud cover issue 
associated with the variables used here. For ET, it is possible to fill cloud-related data gaps 
using the concept of evaporative fraction as a function of potential ET, which is driven by 
solar radiation, which itself can be observed inclusive of clouds. This is one reason why daily 
ET observations are available from the ALEXI/disALEXI model used here (see Annex I). With 
respect to observations requiring the view of the ground, such as crop type mapping, or 
yield assessment, it is possible to use remotely sensed observations in the microwave 
domain that are largely unaffected by cloud presence. Microwave soil moisture data from 
Soil Moisture Active Passive (SMAP) and Sentinel-1 radar observations are just a few 
examples of this capability. 
 
Issues related to diverse crop mix in schemes. Indian agriculture is characterized by small 
plots sizes and great diversity of crop types and cultivation practices. This certainly 
complicates any remote sensing-based analysis that has fixed spatial and temporal 
resolution parameters. To this end, the analysis and results presented here are more 
applicable for “major” crops that are considered dominant in each scheme at the expense of 
minor crops. Going forward, with the availability of reliable ground measurements, a remote 
sensing-based irrigation performance system could potentially address issues associated 
with minor crops. 
 
Finally, it is easy to over-interpret the results presented here, seeing causal associations (i.e. 
that a particular pattern on the ground is explained by a known performance issue) where 
none exist; it is therefore essential to design robust statistical analyses to confirm or reject 
the findings, especially if and when an operational irrigation performance monitoring system 
is in place. 
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Box 1: Can Blockchain help improve the reliability of the Performance Assessment? 

 

The irrigation performance framework provides indicators that can be very helpful for different 

stakeholders. However, data collection and processing are notoriously challenging in India. 

Providing these stakeholders reliable information will be crucial in using these indicators for 

improving irrigation performance. Using an immutable and verifiable transaction log can be 

helpful towards that goal.  

Blockchain is an open, distributed ledger that can record transactions between two or more 

parties efficiently and in a verifiable and permanent way. To optimize the data storage efficiency 

and reduce costs, blockchain technology uses cryptography to provide many of its features. Since 

a blockchain is resistant to modification of the data, it could help improving the reliability of the 

performance assessment.  

Different tools are available. Amazon QLDB is a fully managed ledger database that provides a 

transparent, immutable, and cryptographically verifiable transaction log owned by a central 
trusted authority .ProvenDb uses blockchain technology to provide integrity without 

compromising performance .  
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ANNEX I 
 

1. Remote Sensing Technologies, Tools and Models  

Remote sensing is the acquisition of information about an object or phenomenon without 
making physical contact with the object. Within this definition, it is contrasted to in-situ 
observations. In modern usage, the term refers to the use of sensor technologies aboard 
aircraft, satellite, or other platforms to detect, classify, and extract information about 
objects on Earth by means of interpreting the interaction between electromagnetic radiation 
and the objects of interest.  

Information extraction from remotely sensed data is achieved through the principle of the 
inverse problem. That is, the object or phenomenon (or its state) of interest is not directly 
measured, but can be related to by means of some other variable that can be detected and 
measured (the remotely sensed observation), with the help of a data-derived computer 
model. The common analogy given to describe this is trying to determine the type of animal 
from its footprints. For example, while it is impossible to directly measure water loss 
through irrigated crops, it is possible to measure the reduction in thermal emission 
associated with water loss in the same field. This reduction in thermal emission is then 
related to water evapotranspired using models rooted in physical principles.  

There are four principal domains of remote sensing that are directly related to the quality of 
remotely sensed data as well as to the accuracy of information extraction. 
 
Spatial domain: often refers to the size of a pixel that is recorded in a raster image – typically 
pixels may correspond to square areas ranging on side length from 1 to 1,000 meters. The 
spatial domain may also refer to the area being covered and there is an inverse relationship 
between the spatial resolution of the sensor and the area imaged during a single acquisition. 
 
Spectral domain: refers to the location, width and the number of spectral bands of the 
sensor. The wavelength width of the different frequency bands is related to the number of 
frequency bands recorded by the platform. Current Landsat (Landsat 7 ETM+ and Landsat 8 
OLI) and MODIS collections offer various bands, including several in the infrared spectrum, 
ranging from a spectral resolution of 0.07 to 2.1 μm.  
 
Radiometric domain: refers to the number of different intensities of radiation the sensor is 
able to distinguish. Typically, this ranges from 8 to 16 bits, corresponding to 256 levels of the 
gray scale and up to 65,536 intensities or "shades" of color, in each band. It also depends on 
the instrument noise. 
 
Temporal dimension: refers to the frequency of flyovers by the satellite or plane, and is only 
relevant in time-series studies or those requiring an averaged or mosaic image. There is a 
major difference between the temporal information requirements for crop type mapping 
(which is within–season) and temporal information requirements for repeated coverage 
related to changes in irrigated conditions, for example associated with degradation of 
irrigation performance. Cloud cover over a given area that may hinder the ability of repeated 
observations, especially in India where high cloud cover associated with the monsoon. 
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Remotely sensed images may require several forms of pre-processing steps before being 
used in irrigation performance assessments. They may need to be geometrically, 
radiometrically, or atmospherically corrected. 
 
Geometric correction: One main application of remotely sensed data is to make maps that 
are geo-referenced so that they can be used in a Geographic Information System (GIS). 
Therefore, remotely sensed data are processed using reference points of known positions so 
that distances between known points on the ground can be measured. The step in which this 
problem is resolved is called geo-referencing. It involves computer-aided matching up of 
points in the image (typically 30 or more points per image) to known points on the ground to 
produce spatially accurate image data. Unlike in conventional aerial photographs, most 
modern satellite systems do not contain spatial increasing spatial distortion farther from the 
center. As of the early 1990s, most satellite images are provided fully geo-referenced. 
 
Radiometric correction: All satellite data are provided in units of Digital Numbers (or DNs) 
primarily for convenience purposes. Radiometric correction is used to convert DN values 
(e.g. the monochromatic scale of 0 to 255 in an 8-bit image) into actual satellite recorded 
radiance values by applying a scale factor to each pixel. These scale factors are often 
provided in the meta-data files that are provided along with the image data. 
 
Topographic correction (also called terrain correction): In mountainous areas the effective 
illumination of pixels varies considerably due to slope location and position. For example, 
the pixel on the shady slope receives weak illumination and has a low radiance value. In 
contrast, the pixel on the sunny slope receives strong illumination and has a high radiance 
value. For the same object, the pixel radiance value on the shady slope will be different from 
that on the sunny slope. Additionally, different objects may have similar radiance values. 
These ambiguities may seriously affect remote sensing image information extraction 
accuracy in mountainous areas. The purpose of topographic correction is to eliminate this 
effect, recovering the true reflectivity or radiance of objects in horizontal conditions.  
 
Atmospheric correction: This form of correction refers to elimination of atmospheric haze by 
rescaling each frequency band so that its minimum value (usually determined from the 
image histogram) corresponds to a pixel value of 0. The digitizing of data also makes it 
possible to manipulate the data by changing gray-scale values. The atmospheric correction 
process can involve very simple or very complicated methods and the choice of method 
depends on the data availability and the experience of the user. Note that many remote 
sensing-based applications unnecessarily use atmospheric correction before the analysis. 
Song et al (2000) provides an excellent review of when and how to atmospherically correct 
data. 
 
The indicators listed in Table 1 are derived from a combination of several variables extracted 
(or modeled) from remotely sensed observations. These variables can be broadly 
categorized into the following three forms: A) those related to vegetation (crop) condition 
and growth; B) those related to water consumption / use in irrigated areas; and C) those 
related to the atmospheric/environmental conditions at the project site.  
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2. Reliability and Validity of Evapotranspiration Measures and Vegetation Indices as 
core variables in an irrigation performance measures system 

Variables associated with crop condition and growth. The primary purpose of an irrigation 
project is to artificially supply water to crops during periods of precipitation shortfalls within 
the growing period of crops. Fully irrigated crops are those where more than 60 percent of 
their water requirements are met artificially; partially irrigated crops (or supplemental 
irrigated areas) receive between 10 and 60 percent of their water needs from irrigation. In 
this context, the purpose of remote sensing is to provide information on the state, condition, 
and the changes in cultivated areas as a means to evaluate how irrigation water is utilized. In 
other words, by providing information on crop activity, remote sensing directly tells us the 
way water deliveries are used to grow crops in an irrigation project. 
 
While all dimensions of remotely sensed data are relevant, for practical purposes it is the 
temporal information dimension that has been most useful for identifying and mapping 
variables associated with crop condition and growth. This is because cultivated areas have 
well established crop calendars that follow water and energy availability. At any point during 
the growing season, crops are at different stages of maturity, and these stages are 
manifested as differential levels of spectral reflectance in remotely sensed signals, thereby 
building a temporal record. Hence the idea of monitoring the condition and growth of crops 
including crop type, cropping intensity, and productivity can be achieved by extracting multi-
temporal (both within season and between years) information from the satellite record. 
 
A long line of studies suggests that the use of vegetation indices (VI) in the temporal mode is 
the best approach for measuring and understanding cultivated areas in irrigated locations. 
While the choice of VI often depends on the application, the widely used NDVI has been 
applied in a variety of environments with good success. NDVI is defined as (NIR – Red) / (NIR 
+ Red) where NIR and Red refer to Near-Infrared and red reflectance. NDVI is an important 
remote measurement in agriculture because it has a high correlation with crop growth and 
yield result. NDVI helps to differentiate vegetation from other types of land cover and 
determine its overall state. It also allows to define and visualize vegetated areas on the map 
as well as detect abnormal changes in the growth process.  
 
Determining cultivated areas and crop types: While temporal analysis of NDVI (or a similar 
vegetation index) is useful for identifying cropped areas, in locations with diverse crops or 
crops with very similar temporal characteristics such as in India, the NDVI analysis alone is 
not sufficient. To overcome this issue, a temporal/spectral analysis can be utilized. In the 
temporal/spectral analysis, the idea is to exploit the temporal and spectral information 
present in remotely sensed observations jointly by merging all available spectral bands and 
vegetation indices from multiple time periods into a large data cube and subject this data 
cube to a classification algorithm preferably based on machine learning principles. An 
example of such application in the UBDC project in Punjab is illustrated in Figure A1. 
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Figure A1. Generalized land cover map of the UBDC project in Punjab ca. 2018. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The premise of the approach described here is each crop type will have unique temporal and 
spectral characteristics and given enough training data, these characteristics can be captured 
and used for mapping. For example, tree crops will have low NIR reflectance, high Red 
reflectance, and low temporal variability in vegetation index values over the growing season. 
Similarly, wheat will have a narrower peak growing temporal window (than for example 
sugarcane) and lower NIR reflectance. Hence, by monitoring spectral/temporal indices that 
are sensitive to vegetation cover over time it is possible to distinguish crops from each other 
by monitoring each crop’s growth stage such as sowing, emergence, flowering, senescence, 
and harvest.  
 
Determining cropping intensity: Here, cropping intensity refers to the number of crop-
growing cycles within a growing season or across the year (however defined). One approach 
to extracting cropping intensity data from remotely sensed observations is to subject time 
series vegetation index data to temporal analysis in which analysis in which peak counting is 
performed. More specifically, number of vegetation (crop) cycles is determined by counting 
the number of times NDVI data reach a stable peak above a certain threshold during the 
growing season. This concept is illustrated in Figure A2. 
 
Determining irrigated areas: Remote sensing can also be used to determine the location of 
irrigated areas in a project. The precise location of irrigation is determined by a combination 
of factors that include climate, resource availability, crop patterns, and technical expertise. 
Climate plays an important role in the distribution of irrigation as it determines natural 
moisture availability (precipitation), crop demand (evaporation), and crop schedules. While 
climate is an important driver of the need for irrigation, it is water availability that primarily 
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determines its existence and sustainability. In other words, the water delivery systems are at 
the heart of irrigation presence in each location (e.g. Figure A3). 
 
Figure A2. NDVI time series data showing double cropping pattern in the 2018/2019 growing season 
in Punjab. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A3. Irrigated and rainfed crops in the Upper Wainganga Project in 2019. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Measuring crop productivity: Crop productivity (or yield) estimates add valuable data to 
quantifying yield–water relationships in irrigated areas because it helps to quantify how 
productively water is being utilized in an irrigation project. A simple yet effective approach 
to quantify crop productivity was introduced by Monteith (1972) that defines the 
relationship between light use efficiency (LUE) and biomass production. This approach 
makes use of observations of the fraction of absorbed photosynthetically active radiation 
(fAPAR) at different crop phenological development stages. It converts the amount of usable 
energy intercepted by the vegetation canopy to crop-specific biomass production (Figure 
A4). The LUE approach lends itself nicely to satellite-based estimates of primary production 
(or its yield equivalent) because light absorption by plants is the primary driver of net carbon 
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uptake and can be directly measured over large areas using remote sensing (Field et al., 
1995). 
 
Figure A4. The relationship between intercepted solar radiation and total dry biomass produced. 
Adapted from E. Heuvelink, Wageningen University. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Since the spectral reflectance of plants has a high correlation with the vegetative status of 
various crops, research has revealed a significant relationship between spectral vegetation 
indices (VI) and crop yield. More specifically, it has been well documented that VIs are 
sensitive to vegetation changes in terms of physiological development and thus they have 
been used as indicators for crop cover fraction (VF), leaf area index (LAI) and fraction of 
absorbed photosynthetically active radiation (fAPAR) (Asrar et al., 1984; Myneni et al., 1995; 
Wang et al., 2001). The two most widely used VIs use in yield estimation problems are the 
NDVI and Simple Ratio (SR), both of which display various degrees of correlation with 
vegetation biophysical properties.  
 
The LUE model consists of three parts: (1) a measure of the amount of photosynthetically 
active radiation intercepted/absorbed by the vegetation canopy (fAPAR); (2) a light use 
efficiency term that describes the degree of light-to-biomass conversion efficacy of the 
vegetation in question; and (3) coefficients needed to convert total biomass to harvestable 
yield, including harvest index (HI), moisture content at harvest time (MC) and 
aboveground/belowground allocation (AL) parameters. Putting it all together, the LUE-based 
yield equation takes this form: 
 

Yield = HI × AL × (1 − MC) × Σ (fAPAR × PAR ×LUE) dt 
 
where dt corresponds to days from emergence to harvest. Note that the first part of the 
LUE-based yield equation includes the crop-specific parameters that may not be readily 
available in India. To this end, we applied the reduced version of the yield equation in which 
only the biomass estimates were calculated based on the generic (second) part of the 
equation and on a monthly basis. 

Although satellite remote sensing has the advantage of providing spatial data over large 
areas, work to date using these images with spatial resolution sufficient for parcel-based 
analyses has been fraught with temporal resolution constraints, since daily to weekly 
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observations are required to capture rapid changes in crop development. In this regard, the 
temporal resolution constraints of medium spatial resolution (10–100 meters) satellite 
images points to the need for ground-based observations to calibrate and validate the 
relationships between VIs and crop biophysical properties. However, field observations, 
often conducted at a specific point are insufficient to extend yield analysis to large areas. 
Moreover, since agro-meteorological yield models require daily data about a crop’s physical 
progress, standard in situ biophysical measurements could become quite difficult and cost 
prohibitive. 

With these issues in mind, it is possible to develop remote sensing-based crop yield maps to 
be used in water productivity assessment in India using the relative yield concept. While 
actual crop yield calculations require crop specific parameters, we take the relative yield 
calculation approach to estimate relative productivity of cultivated fields and then relate this 
variable to water consumed through ET. While the relative yield concept does not directly 
address the biomass produced per unit area as would be in yield calculations, the relative 
yield concept has proven useful for evaluating water consumption patterns across a large 
area. For example, two different fields with very similar environmental conditions (e.g. soil, 
weather) producing very different amounts of biomass under similar ET conditions can easily 
be compared and contrasted and evaluated.  Note that moving from biomass to yield is 
quite possible and requires the concept of harvest index, an agronomic variable that defines 
the amount of biomass harvested as grain.  While this variable was not readily available in 
this study (except for the UBDC wheat study in which we used published HI values for this 
part of India) it will be possible to deal with actual grain yield quantities in the near future. 

With respect to variables needed for the relative yield equation, PAR can be obtained from 
daily solar radiation data assuming that only 45 percent of available radiation occurs with 
photosynthetic capacity (Bastiaanssen and Ali, 2003). Determination of fAPAR is one of the 
most critical points in this research and provides the critical link between satellite and yield 
estimates. fAPAR is the Fraction of Photosythetically Active Radiation (400-700 nm) absorbed 
by vegetation. fAPAR is a key biophysical variable controlling the exchange of energy, mass 
(e.g. water and CO2) and momentum between the Earth surface and atmosphere. 
Considering the limitations of satellite-based estimates of APAR at daily intervals and at the 
parcel level, one can take the downscaling approach in which fAPAR data available from 
coarser resolution satellite data (in this case MODerate Resolution Imaging 
Spectroradiometer or MODIS) are downscaled to Landsat (or field) scales on a monthly basis. 
Note that it may be possible to estimate vegetation fraction from satellite-derived NDVI at 
the field level and treat that as fAPAR, the downscaling approach provides better estimates of 
the fAPAR variable as the starting point is MODIS-based fAPAR estimates derived from physically 
based models. fAPAR variable have been generated globally from various sensors data at 
different spatial resolutions (250m to 1 degree) and temporal frequencies (4-day, 8-day and 
monthly).  

Note that one limitation of the LUE approach proposed here is that a number of 
agriculturally important variables such as soil type and its related effects on yield are not 
considered due to the lack of a detailed soil maps. While salinity, textural properties, and 
water holding capacity of the soil may affect relative productivity estimates (or its yield 
equivalent), these site conditions would have been captured by vegetation indices, making 
the LUE approach still an attractive choice. 
 



Towards a RS-IPMS for the Indian Irrigation Sector June 12, 2020 
 

 48 

Variables associated with crop water consumption. Irrigation accounts for a large portion of 
water consumption in India. Improvements in irrigation management are urgently needed, 
especially in regions where water resources for irrigation are becoming scarce due to 
increased number of users, less reliable water availability, and climate change. One way to 
address the irrigation management issue is to assess the actual amount of water used by 
crops in various locations and compare that to the actual water supplied after accounting for 
transmission and on-farm losses. Unfortunately, the actual amount of water used by crops is 
difficult to measure, particularly at the farm level. As a result, current irrigation management 
practices rely on generalized crop water requirements that are either based on overseas 
experience (e.g. FAO-56, Allen et al., 1998) that are often inappropriate to the range of crop 
types grown in India or are based on the concept of potential ET (PET) calculated from a few 
(and often non-ideally located) meteorological stations. For example, there may be up to 3-
fold difference between the actual crop water requirements at the farm level and adopted 
values of PET and associated crop water requirements. Therefore, improved water use 
targets – defined as actual rather than the potential use – could lead to water savings in 
irrigation districts throughout major irrigated areas of India. 

An important component of actual crop water requirements and use is ET. Accurate 
information on the amount, location, and trends of ET, particularly at the farm level has 
significant implications for quantifying irrigation performance in India. In particular, when 
combined with crop specific productivity as has been attempted here, the ET maps can 
reveal important clues about field specific water productivity terms that are so important for 
quantifying the amount of water used per unit of yield achieved and, by extension, help 
evaluate irrigation performance in spatially explicit ways. 

Evaporation is defined as the process of vaporization of water from liquid phase to gaseous 
phase through addition of heat energy. ET is the sum of evaporation and transpiration. The 
evaporation (E) part of ET accounts for the water lost to the atmosphere from the soil 
surface, from the soil column (the Vadose zone), and evaporation from the capillary fringe of 
the groundwater table. The transpiration (T) part of ET accounts for evaporation of water 
from plant leaves and the water loss from the groundwater by plants whose roots tap the 
capillary fringe of the groundwater table. More specifically, through their roots, plants draw 
water and nutrients up into their stems and leaves. Some of this water is returned to the air 
by transpiration. Transpiration rates vary widely depending on weather conditions, such as 
temperature, humidity, sunlight availability and intensity, precipitation, soil type and 
saturation, wind, and land slope. During dry periods, transpiration can contribute to the loss 
of moisture in the upper soil zone, which can have an effect on vegetation and food-crop 
fields. 

Because it is very difficult to distinguish between the processes of evaporation and 
transpiration, measurement techniques look at the combined process of total ET. At varying 
times of the year one process may play a larger role than the other in the process of 
transferring water vapor to the atmosphere. Figure 7 shows an idealized time profile of crop 
leaf area index (LAI) and the relationship (partitioning of) between E and T. Early in the year 
when a crop has yet to develop, the majority of the total ET occurring is due to evaporation 
from the ground surface. As a given crop develops a larger percentage of the total ET is 
represented by crop transpiration.  

The amount of water lost through soil and plants in irrigated areas varies greatly 
geographically and over time. There are a number of factors that affect ET from irrigated 
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fields. These can be divided into environmental (atmospheric) factors and land surface 
factors. 
 
 
 
Figure A5. Partitioning of evaporation and transpiration over an entire growing season (following 
FAO 56 Allen et al 1998). 
 

 
 
 
 
 
 
 
 
 
 
 
Environmental factors affecting evapotranspiration: 

• Temperature: ET rates go up with the temperature especially during the growing 
season. When the air is warmer due to stronger sunlight and warmer air masses, 
higher temperatures cause the plant cells, which control the openings (stoma) – 
where water is released to the atmosphere – to open. Colder temperatures cause the 
openings to close. 

• Relative humidity: As the relative humidity of the air surrounding the plant rises the 
ET rate falls. It is easier for water to evaporate into dryer air than into more saturated 
air. 

• Wind and air movement: Increased movement of the air around a plant will result in 
a higher ET rate. This is somewhat related to the relative humidity of the air, in that 
as water transpires from a leaf, the water saturates the air surrounding the leaf. If 
there is no wind, the air around the leaf may not move very much, raising the 
humidity of the air around the leaf and hence reducing ET. Wind will move the air 
around, with the result that the more saturated air close to the leaf is replaced by 
drier air, increasing ET. 

Surface conditions affecting evapotranspiration: 
• Soil-moisture availability: When moisture in the soil column is lacking, plants can 

begin to stress (premature ageing, which can result in leaf loss) and transpire less 
water. 

• Type of plant: Different plants lose water at different rates. This is usually related to 
the plant structure, and in particular to the leaf area. The larger the plant leaf area, 
the larger the loss of water from the soil-canopy continuum. Some crops have larger 
maximum leaf area than others and this will determine the amount of water loss 
during the growing season. 

Another concept that is related to ET is Potential evapotranspiration (PET). PET is the 
amount of water that would be evaporated and transpired if there were sufficient water 
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available. Hence it represents the potential environmental (mostly atmospheric) demand for 
evaporation and actual evaporation is only realized if there is sufficient amount of water 
available. This demand incorporates the energy available for evaporation and the ability of 
the lower atmosphere to transport evaporated moisture away from the land surface. PET is 
higher in the summer, on less cloudy days, and closer to the equator, because of the higher 
levels of solar radiation that provides the energy for evaporation. PET is also higher on windy 
days because the evaporated moisture can be quickly moved from the ground or plant 
surface, allowing more evaporation to fill its place. PET is expressed in terms of a depth of 
water and can be graphed during the year. 

PET is usually measured indirectly, from other climatic factors, but also depends on the 
surface type, such as free water (e.g. lakes), the soil type for bare soil, and the vegetation. 
Often a value for the PET is calculated at a nearby climate station and for a reference 
surface, conventionally short grass. This value is called the reference ET and can be 
converted to a potential. The difference between PET and precipitation is used in irrigation 
scheduling. Note that there are often large differences between the actual and potential ET 
in irrigated areas and the ability to estimate actual ET at high spatial resolutions, over large 
areas, and on a timely manner is of great interest to agriculture and water resources. This is 
where the importance of remote sensing-based estimates of actual ET come in. 

Typically, the reference ET (ET0) is determined for a hypothetical clipped grass or alfalfa crop. 
The determination of reference crop ET identifies the evaporative power of the atmosphere 
at a given calculated using weather data collected at or near the area of interest and is then 
used as a reference to estimate specific crop ET using crop coefficients. The evolution of 
methods for reference ET calculation has been a constant process over the last half a 
century, which are based on radiation physics, aerodynamic transport, open water pan 
evaporation, and various forms of the Penman formulation (Penman, 1948). Some of the 
most trusted estimation techniques use a combination method using both energy balance 
concepts as well as aerodynamic equations. 

In an effort to develop a standardized method for calculating reference ET, the Irrigation 
Association (IA) called on the American Society of Civil Engineers in 1999, to determine a 
benchmark reference ET equation that could be used by federal and private entities 
throughout the United States. As a result of this request the Evaporation in Irrigation and 
Hydrology Committee – Environmental and Water Resources Institute (ASCE-ET) set out to 
test current reference ET equations used throughout the United States and the World. The 
ASCE-ET evaluated the results of ET estimates from a total of 13 equations representing data 
from 36 sites and a total of 61 test years (Allen et al, 2002). With a combination of over a 
hundred years of experience using the various reference ET equations, the ASCE-ET 
members quickly established the ASCE Standardized Penman Monteith equation. While 
many equations exist the ASCE Standardized Penman Monteith equation (Allen et al., 2005) 
has produced strong results and is given by:  
 

𝐸𝑇   =
0  0  (  −  )   

  
𝑇       (  −   )

   (      )
 

 
Where ∆ is the slope of the saturation vapor pressure curve (kPa/°C), Rn is net radiation 
(MJ/m2/day), G is the soil heat flux (MJ/m2/day), γ is the psychometric constant (kPa/°C), T 
is the mean air temperature (°C), u2 is the mean wind speed measured at 2 meters above the 
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ground surface (m/s), es is the saturation vapor pressure (kPa), ea is the actual vapor 
pressure of the air (kPa), and Cn and Cd are coefficients which vary depending on the time 
scale used for the calculation as well as the type of reference crop (ASCE-EWRI, 2004). 

The ASCE-ET defined two standardized reference surfaces, one representing a short crop 
with a vegetation height of approximately 0.12 m, and the other surface representing a tall 
crop with a height of approximately 0.5 m (ASCE-EWRI, 2004). The two reference surfaces 
were selected due to their similarity to the commonly used grass and alfalfa references used 
throughout the world as well as their widespread applicability to both agricultural and 
landscape irrigation projects, as stipulated in the original IA request (Allen et al, 2002). 

Traditionally, ET from agricultural fields has been estimated by multiplying a weather-based 
reference ET by a crop coefficient (Kc) determined according to the crop type and growth 
stage. However, there is typically some question as to whether actual vegetative and 
growing conditions compare with the conditions represented by the idealized Kc values (e.g. 
FAO-56, Allen et al., 1998), especially in water limited areas. In addition, it is difficult to 
predict the correct crop growth stage dates for large populations of crops and fields.  

Satellite data are ideally suited for deriving spatially continuous fields of ET using simplified 
or surface energy balance (SEB) techniques. The SEB equation simply states that the total 
radiation available at the surface (Rn) can be used to: a) evaporate water – the so called the 
Latent Heat Flux (LE); b) heat the air immediately above the surface – the so-called Sensible 
Heat Flux (H); or c) heat the ground (the soil column from the surface to the a certain depth) 
– the so called Ground Heat Flux (G). Formally the SEB equation is written as: 
 

Rn = LE – H – G 
 
Note that in this formula, all terms are written in energy units, usually in units of W/m2. For 
a number of reasons, SEB-based ET algorithms do not directly estimate ET but rather 
compute energy required/consumed by the ET process as a residual of the surface energy 
balance equation. That is, the SEB equation given above is re-arranged to represent the 
energy equivalent of ET (the LE) as follows: 
 

LE = Rn – G – H 
 
where LE is the latent energy consumed by ET, Rn is net radiation (sum of all incoming and 
outgoing shortwave and longwave radiation at the surface), G is sensible heat flux 
conducted into the ground, and H is sensible heat flux convected into the air. The utility of 
using energy balance is that actual ET rather than potential ET (based on atmospheric 
demand) is computed so that reductions in ET caused by shortage of soil moisture are 
captured. Note that energy absorbed into the canopy and by photosynthesis is generally a 
small fraction and is ignored in this equation. 

In most SEB-based ET models, the surface is treated as a single source of energy exchange 
because only one form of surface-related resistance needs to be computed. However, the 
limitation of this approach is that the vegetation- and soil-related fluxes cannot be 
separated. Recognizing this need, (Norman et al., 1995) developed a “two-source” model in 
which “two-source" refers to the treatment of an inhomogeneous land surface as having 
two sources of heat and water vapor flux: the soil, and the vegetative canopy. Each of these 
sources can have a different turbulent coupling with the overlying atmosphere, and fluxes 
from each source are assumed to add in series. The two-source representation is an 



Towards a RS-IPMS for the Indian Irrigation Sector June 12, 2020 
 

 52 

important advancement over single-source models that were originally employed to 
interpret radiometric temperature signals from heterogeneous land patches, which typically 
required site-specific, empirical adjustments to the surface-to-air coupling resistances. 

Given an estimate of the fraction of vegetation (fc) cover within the scene (usually estimated 
with a satellite derived vegetation index), it is possible to deconvolve the composite 
radiometric temperature observed by the satellite into its soil and canopy components. 
Another advantage of the two-source representation is that it can account for off-nadir 
(non-vertical looking) radiometric observations: a surface with partial vegetation cover will 
tend to appear cooler when viewed at off-nadir angles, where the typically hotter soil is 
more obscured by the cooler vegetation. 

In light of this development, the Atmosphere-Land Exchange Inverse (ALEXI) model 
(Anderson et al., 1997; Mecikalski et al., 1999) was developed as a means for estimating 
surface fluxes over large regions using primarily remote-sensing data. This flux model is 
unique in that no information regarding antecedent precipitation or moisture storage 
capacity is required - the surface moisture status is deduced from a radiometric temperature 
change signal. Therefore, ALEXI can provide independent information for updating soil 
moisture variables in more complex regional models. ALEXI is a coupled model in which a 
two-source land surface and one-dimensional atmospheric boundary layer (ABL) models 
have been fused together. The lower boundary conditions for the two-source model are 
provided by thermal observations taken at 2 times during the morning hours. The ABL model 
then relates the rise in air temperature above the canopy and the growth of the ABL to the 
time-integrated influx of sensible heating from the surface (Figure A6). 

In ALEXI, the two-source model is applied to radiometric temperature observations taken at 
two times during the morning hours, and two corresponding air temperatures are computed 
given an initial guess at the sensible heat curve. The atmospheric boundary layer model then 
grows the boundary layer up an early-morning temperature profile, provided by radiosonde, 
and determines the time-integrated sensible heat influx required to achieve this change in 
air temperature. Assuming a linear rise in sensible heating during the morning hours, revised 
sensible heats at times 1 and 2 (H1 and H2) are returned to the surface model, and the 
process continues until it converges. 
 
Figure A6. Schematic representation of the coupled two-source and the ABL model that uses two 
separate thermal observations (adapted from Anderson et al., 1997). 
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Importantly, unlike many other ET models described above, the air temperature in the 
surface layer (Ta at a blending height) is not defined as a boundary condition - Ta is diagnosed 
by the model and responds to feedback from both the surface fluxes and the atmospheric 
profile. The upper model boundary is moved up into the well-mixed atmospheric boundary 
layer, where conditions are more uniform at the 5km scale. The ABL representation used in 
ALEXI is a 1-dimensional slab model with a very simple diagnostic entrainment 
parameterization (McNaughton and Spriggs, 1986). 

Moreover, because the ALEXI model is sensitive primarily to time-changes in surface 
temperature, any time-independent biases in the remote surface temperature data are 
absorbed into the modeled air temperature, leaving the true surface-to-air temperature 
difference intact and the model fluxes relatively unaffected. Errors due to atmospheric 
corrections and surface emissivity specification are significantly reduced by using time-
differential measurements rather than single, absolute measurements. 

As described earlier the requirements of the ALEXI model leads to production of ET surfaces 
at generally coarse resolutions (1km and lower). To remedy this issue, ALEXI flux 
disaggregation approach (DisALEXI) was developed as a multiscale flux modeling system 
based on principals of surface energy balance and using remotely sensed maps of land 
surface temperature (LST) as primary input (Figure A7). The system is built on the two-
source energy balance algorithm, which partitions fluxes and composite temperatures 
between nominal soil and canopy components of the modeling scene based on the local 
fraction of vegetation cover. Using thermal infrared (TIR) retrievals of LST from an array of 
satellite (geostationary and polar orbiting) and airborne sensors, the ALEXI/DisALEXI package 
provides self-consistent ET retrievals from field up to global scales (Anderson et al., 2011). A 
data fusion approach is applied to fuse high spatial/low temporal resolution ET retrievals 
from Landsat (30m/16-day) with low spatial/high temporal resolution data from polar 
instruments like MODIS or VIIRS (375m- 1km/~daily) to generate daily actual ET “datacubes” 
with both high spatial and temporal resolution (30m/daily). With the SEB foundation, the 
system can also provide partitioned estimates of the soil evaporation (E) and transpiration 
(E) components of ET. 
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Figure A7. Schematic diagram of the ALEXI and DisALEXI modeling system. Adapted from Anderson et 
al (2011). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this case study, we utilized thermal data from higher resolution Landsat and MODIS 
satellite observations to “disaggregate” and downscale the original daily ALEXI ET estimates 
across the 10 schemes using a data mining approach. Moreover, the daily but coarse 
resolution ALEXI and downscaled MODIS ET retrievals generated over India have been 
combined with periodic but high-resolution Landsat retrievals, obtained on days with mostly 
clear Landsat 7 or 8 overpasses, using the downscaling approach below. The output from 
this system is a time series of 30-m resolution maps of actual ET generated at weekly time 
steps. More specifically, the ET data produced daily with the help of the ALEXI model at 
coarse spatial resolution was disaggregated or downscaled to field level using a machine 
learning approach. Note that while the ALEXI approach team developed a disaggregation 
scheme (DisALEXI) as described above, the data requirements of such approach prevent 
large area deployment at least for the moment. To remedy this issue, we take a machine 
learning approach in which a machine learning based regression relationship is established 
between the predictor variables (LST and vegetation indices) and the outcome variable (ET) 
first at coarse spatial resolution and this regression model is applied to high spatial 
resolution observations to predict ET at high spatial scale (Figure A8). The main motivations 
behind this approach are: 1) the trained machine learning based regression model is scale 
invariant; and 2) the complex relationship between LST, vegetation index and ET can be 
modeled. There is evidence in the literature to suggest that both are largely true and the 
application of this method to Indian conditions suggest the approach works quite well. 
 
Figure A8. Generalized scheme for downscaling ALEXI ET data to field scales.  
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The choice of the machine learning algorithm was SVMs but these tools were applied in 
regression mode to produce continuous estimates. Note that SVMs are parameter 
dependent algorithms and these parameters were first manually selected using a set of 
training samples and these parameters were then applied globally (i.e. to each downscaling 
instance) across the time period. The main inputs into to the downscaling method include 
calibrated Land Surface Temperature (LST) and Enhanced Vegetation Index (EVI) data. Note 
that while the LST data from Landsat is at a coarse spatial resolution (60 meters for Landsat 
7 and 100 meters for Landsat 8), in the application, the final estimates were achieved at 30 
meters by internally sharpening the LST data during the disaggregation process. One such 
application of the proposed downscaling approach is illustrated in Figure A9 for the Upper 
Wainganga project. 
 
 
 
Figure A9. Example downscaling results that show clear improvement in spatial resolution for ET in 
the Upper Wainganga project. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Variables associated with atmospheric/environmental conditions. Traditionally, many 
atmospheric variables (e.g. air temperature, humidity, wind speed, or solar radiation) are 
measured using sensors in direct contact with the medium being measured. For example, a 
standard thermometer measures temperature by being in contact with the air it's 
measuring. While such measurements are known to be quite accurate and have been made 
for some time, they are limited in space and only measure atmospheric conditions around 
single location on Earth. 
 
To fill this gap, there are methods and datasets that provide atmospheric variables that are 
of critical need for studying the water cycle derived directly from remote sensing or in 
combination of models that use remotely sensed observations as inputs. As with other 
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remotely sensed variables described above, all remote sensing based atmospheric variables 
are based on measurements of electromagnetic radiation. Here are some of atmospheric 
variables and general methods to estimate their quantities from remote sensing. 
 
Air temperature: Air temperature is a basic variable that is normally measured at the height 
of 2 or 1.5 m by meteorological stations. It is not only the primary item of weather forecast 
but also useful for describing the climate change and energy exchange between the earth 
surface and the atmosphere. Air temperature also plays an essential role in physical 
processes of ET, photosynthesis, and heat transfer. As a result, many land surface process 
models including those in climatology, hydrology, and ecology require air temperature as an 
input variable. Most approaches to from remotely sensed observations combine land 
surface temperature (LST), atmospheric profile measurements from atmospheric sounding 
instruments, measurements made at ground stations, and other directly observed 
atmospheric variables (e.g. water vapor) in a modeling framework to derive air temperatures 
on a daily basis at 5-10 km spatial resolution (NRC, 2000; King et al., 2003). 
 
Humidity: Near-surface air-specific humidity is a key variable in the estimation of land-air 
latent heat flux and evaporation from the land surface. An accurate estimation over 
terrestrial surfaces is required for studies on global climate, air-land interactions, and water 
cycles. Most remote sensing methods use brightness temperature measurements made in 
the microwave region of the electromagnetic spectrum and relate these measurements to 
surface humidity and the vertical moisture structure (e.g. Du et al., 2015).  
Solar radiation: The incoming solar radiation (or surface irradiance) at Earth’s surface is an 
important parameter for the planet’s climate through its role in the surface energy budget. It 
is also the primary variable that derived ET and plant growth through photosynthesis. 
Almost all of the surface irradiance datasets derived from remote sensing use some form of 
radiative transfer modeling that consider atmospheric composition (water vapor, aerosols 
etc.) and cloud presence and reflectivity or albedo (Pinker et al., 1995).  
 
In conclusion, remote sensing-based irrigation performance assessment indicators require 
accurate and timely observations of a variety of land surface and atmospheric variables that 
are readily available across a wide range of spatial scales and accuracies. These variables, 
either alone or in combination with other variables, can help quantify the state and the 
condition of irrigation related activities in an objective way and related these activities to the 
original goals and objectives in irrigated schemes. Table 1 summarizes the variables and their 
source used in the analysis. 
 
Table A1: Remotely sensed data for measuring irrigation performance indicators. 

Target Sub-
system 

Data Spatial 
Resolution 

Temporal 
Frequency 

Source Purpose 

Water balance Microwave 
Surface Soil 
Moisture 

36 km Daily NASA SMAP 
Mission 

Background 
soil moisture 
field 

Land Surface 
Temperature 

1 km 8 day NASA MODIS 
Mission 

Covariate for 
soil moisture 
modeling 

BRDF-adjusted 
Surface 
Reflectance 

500 km Daily NSAS MODIS 
Mission 

Covariate for 
soil moisture 
modeling 
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Evapotranspirati
on 

4 km Daily ALEXI Model Covariate for 
soil moisture 
modeling 

Precipitation 1 km Daily ERA5 Covariate for 
soil moisture 
modeling 

Topography 1 km - USGA 
GTOPO30 
Digital 
Elevation 
Model (DEM) 

Covariate for 
soil moisture 
modeling 

Soil Texture 250 m - SoilGrids250m 
Dataset from 
ISRIC 

Covariate for 
soil moisture 
modeling 

Crop type 
mapping and 
Crop Growth 
Modeling 

Weather (solar 
radiation, air 
temperature, 
precipitation) 

5 km Daily ERA5 Forcing inputs 
to Crop 
Growth 
Models 

Soil Properties 250 m - SoilGrids250m 
Dataset from 
ISRIC 

Forcing inputs 
to Crop 
Growth 
Models 

In-season crop 
type map 

30 m - Image 
classification 
applied to 
optical RS 
datasets 

Identification 
of fields of 
specific crops 

Sequential Data 
Downscaling  

Landsat Surface 
Reflectance  

30 m 16 day NASA Landsat 
Mission 

Estimation of 
Leaf Area 
Index for data 
assimilation  

Sentinel Surface 
Reflectance 

10 m 5 day ESA Sentinel-2 
Mission 

Estimation of 
Leaf Area 
Index for data 
assimilation 

Evapotranspirati
on  

30 m Daily DisALEXI Model Data 
assimilation 

 
  



Towards a RS-IPMS for the Indian Irrigation Sector June 12, 2020 
 

 58 

List of References 
 
Allen, R.G., L.S.Pereira, D. Raes, and M. Smith. (1998) Crop evapotranspiration: guidelines for 
computing crop water requirements Food and Agriculture Organization of the United 
Nations, Rome. 

Allen, R.G., Bastiaanssen, W., Wright, J.L., Morse, A., Tasumi, M. and Trezza, R, (2002) 
Evapotranspiration from satellite images for water management and hydrologic balances. 
Proceedings of the 2002 ICID Conference, Montreal, Canada, July, 2002. CD-ROM. 

Allen, R.G., Tasumi, M., Morse, A. et al., (2005) A Landsat-based energy balance and 
evapotranspiration model in Western US water rights regulation and planning, Irrig Drainage 
Syst 19,251–268. https://doi.org/10.1007/s10795-005-5187-z. 

Allen, R. G., Walter, I. A., Elliot, R. L., Howell, T.A., Itenfisu, D., Jensen, M. E. and Snyder, R., 
(2005) The ASCE standardized reference evapotranspiration equation. ASCE and American 
Society of Civil Engineers. 

Anderson, M. C., J. M. Norman, G. R. Diak, W. P. Kustas, and J. R. Mecikalski, (1997) A two-
source time-integrated model for estimating surface fluxes using thermal infrared remote 
sensing, Remote Sens. Environ., 60, 195 – 216. 

Anderson, M. C., Kustas, W.P., Norman, J.M., Hain, C.R., Mecikalski, J.R., Schultz, L., 
Gonzalez-Dugo, M.P., Cammalleri, C., d’Urso, G., Pimstein, A., Gao, F., (2011) Mapping daily 
evapotranspiration at field to contintential scales using geostationary and polar orbiting 
satellite imagery. Hydrology and Earth System Sciences, 15:223–239. 

ASCE-EWRI. (2004) The ASCE standardized reference evapotranspiration equation. 
Environmental and Water Resources Institute of the ASCE, Report by the Task Committee on 
Standardization of Reference Evapotranspiration, 
http://www.kimberly.uidaho.edu/water/asceewri/. 

Asrar, G., Fuchs, M., Kanemasu, E., and Hatfield, J., (1984) Estimating Absorbed 
Photosynthetic Radiation and Leaf Area Index from Spectral Reflectance in Wheat1. 
Agronomy Journal - AGRON J. 76. 10.2134/agronj1984.00021962007600020029x. 

Bastiaanssen, W. G. M. and Ali, S., (2003) A new crop yield forecasting model based on 
satellite measurements applied across the Indus Basin, Pakistan. Agriculture, Ecosystems 
and Environment, 94:321-340. 

Bastiaanssen, W.G.M. and Steduto, P., (2017) The water productivity score (WPS) at global 
and regional level: Methodology and first results from remote sensing measurements of 
wheat, rice and maize. Sci. Total Environ. 2017, 575, 595–611;  

Bos, M. G., Burton, M. A., and Molden, D. J. (2005). Irrigation and drainage performance 
assessment: Practical guidelines, Cabi Publishing, Wallingford, U.K. 

Committee on Restructuring the CWC and CGWB, A 21st Century Institutional Architecture 
for India’s Water Reforms, (2016); 
(http://www.indiaenvironmentportal.org.in/files/file/Report_on_Restructuring_CWC_CGWB
.pdf) 

Doty, D.H. and Glick, W.H., (1994) Typologies as a Unique Form of Theory Building: Toward 
Improved Understanding and Modeling, Academy of Management Review, 1994, Vol. 19, 
No. 2, pp. 230-251. 

http://www.kimberly.uidaho.edu/water/asceewri/
http://www.indiaenvironmentportal.org.in/files/file/Report_on_Restructuring_CWC_CGWB.pdf
http://www.indiaenvironmentportal.org.in/files/file/Report_on_Restructuring_CWC_CGWB.pdf


Towards a RS-IPMS for the Indian Irrigation Sector June 12, 2020 
 

 59 

Du, J., Kimball, J.S., and Jones, L.A. (2015) Satellite microwave retrieval of total precipitable 
water vapor and surface air temperature over land from AMSR2. IEEE Trans. Geosci. Remote 
Sens.,53, 2520–2531. 

Field, C.B., Randerson, J.T., and Malmström, C. M., (1995) Global net primary production: 
Combining ecology and remote sensing, Remote Sensing of Environment, Volume 51, Issue 
1, Pages 74-88. 

Funnell, S. C. and Rogers, P. J. (2011). Purposeful Program Theory. San Francisco, CA: Jossey-
Bass.  

IPCC, Climate change (2014) Impacts, adaptation and vulnerability: Regional aspects. 
Cambridge: Cambridge University Press. 

King, M. D., Menzel, W. P., Kaufman, Y. J., Tanre, D., Gao, B.-C., Platnick, S., et al. (2003) 
Cloud and aerosol properties, precipitable water, and profiles of temperature and water 
vapor from MODIS. IEEE Transactions on Geoscience and Remote Sensing, 41(2), 442–458. 
https://doi.org/10.1109/TGRS.2002.808226 

Mecikalski, J. R., G. R. Diak, M. C. Anderson, and J. M. Norman, (1999) Estimating fluxes on 
continental scales using remotely-sensed data in an atmospheric-land exchange model. J. 
Appl. Meteor., 38, 1352-1369. 

Mekonnen, M.M. and Hoekstra, A.Y., (2014) Water footprint benchmarks for crop 
production: A first global assessment, Ecological Indicators 46, 214–223. 

Milano, Hector and Burton, Martin, (2001) Guidelines for benchmarking performance in the 
irrigation and drainage sector, FAO 2001, 
http://oibsv3.iwmi.org/guidelines/BMGuidelines.pdf 

Monteith, J. (1972) Solar Radiation and Productivity in Tropical Ecosystems. Journal of 
Applied Ecology, 9(3), 747-766. doi:10.2307/2401901. 

Myneni, R.B., Hall, F.G., Sellers, P.J. and Marshak, A.L., (1995) The Interpretation of Spectral 
Vegetation Indexes. IEEE Transactions on Geoscience and Remote Sensing, 33, 481-486. 
http://dx.doi.org/10.1109/36.377948. 

National Research Council (U.S.). Committee on Earth Studies (2000). Atmospheric 
Soundings. Issues in the Integration of Research and Operational Satellite Systems for 
Climate Research: Part I. Science and Design. Washington, D.C.: National Academy Press. 
pp.17–24. ISBN978-0-309-51527-6. 

McNaughton, K.G., Spriggs, T.W., (1986) A mixed-layer model for regional 
evaporation. Boundary-Layer Meteorol., 34, 243–262 . https://doi.org/10.1007/BF00122381. 

Norman, J. M., Kustas, W. B., and Humes, K. S. (1995). Source approach for estimating soil 
and vegetation energy fluxes in observations of directional radiometric surface temperature. 
Agricultural and Forest Meteorology, 77, 263−293. 

Pinker, R.T., Frouin, R., and Li, Z., (1995) A review of satellite methods to derive surface 
shortwave irradiance. Remote Sens. Environ., 51, 108–124 

Sharma, Bharat R. et.al. (2018), Water Productivity Mapping of Major Indian Crops, NABARD 
and ICRIER, India 
https://www.nabard.org/auth/writereaddata/tender/1806181128Water%20Productivity%2
0Mapping%20of%20Major%20Indian%20Crops,%20Web%20Version%20(Low%20Resolution
%20PDF).pdf  

https://www.nabard.org/auth/writereaddata/tender/1806181128Water%20Productivity%20Mapping%20of%20Major%20Indian%20Crops,%20Web%20Version%20(Low%20Resolution%20PDF).pdf
https://www.nabard.org/auth/writereaddata/tender/1806181128Water%20Productivity%20Mapping%20of%20Major%20Indian%20Crops,%20Web%20Version%20(Low%20Resolution%20PDF).pdf
https://www.nabard.org/auth/writereaddata/tender/1806181128Water%20Productivity%20Mapping%20of%20Major%20Indian%20Crops,%20Web%20Version%20(Low%20Resolution%20PDF).pdf


Towards a RS-IPMS for the Indian Irrigation Sector June 12, 2020 
 

 60 

Taghvaeian, S., Neale, C.M.U., Osterberg, J.C., Sritharan, S.I., and Watts, D.R., (2018) Remote 
Sensing and GIS Techniques for Assessing Irrigation Performance: Case Study in Southern 
California, J. Irrig. Drain Eng., 144(6): 05018002 

Vidal, A., Harrington, L.W. Fisher, M., (2014) Water scarcity and abundance, water 
productivity and their relation to poverty. In: Water scarcity, livelihoods and food security: 
Research and innovation for development, eds., Harrington, L.W.; Fisher, M.J. Oxon, UK: 
Routledge - Earthscan. Pp. 15-44. (Earthscan Studies in Water Resource Management). 

Wang, Y., Tian, Y., Zhang, Y., El-Saleous, N., Knyazikhin, Y., Vermote, E., and Myneni, R. B., 
(2001) Investigation of product accuracy as a function of input and model uncertainties: Case 
study with SeaWiFS and MODIS LAI/FPAR algorithm. Remote Sens. Environ., 78, 296 – 311. 

 


