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Executive summary
India invests heavily on building new irrigation systems and upgrading existing ones. The Madhya
Pradesh state government is working to expand irrigation in the Kalisindh River Basin with a loan from
the Asian Development Bank (ADB). In order to better assess the current conditions, and develop more
appropriate indicators to measure the performance of irrigation water management, IHE works with
ADB and the Water Resources Department to introduce the concept of crop water productivity (CWP)
and use of remote sensing technology for assessing the same. The CWP indicator, together with yield,
and ETa (actual crop water consumption), are a simple and attractive set of indicators to assess how well
the limited irrigation water are used for its intended purpose: to produce more food. This report describes
the application of, pySEBAL, a remote sensing approach to assess crop CWP in the Kundaliya Irrigation
Project (KIP) area. Baseline conditions were established by means of mapping the crop type, water
consumption, water shortage, crop water deficit, crop yield, and the crop water productivity in the
reference period of the 2016-7 Rabi season at resolution of 30 m by 30 m using publically available
imagery. Factors affecting CWP parameters were analysed and scope for improvement is discussed. A
training workshop was conducted to introduce pySEBAL model to local researchers and practitioners.
The training provided the participants with an overview of the latest concept, exposure to the technology,
and opportunities for hands-on exercises with state-of-the-art remote sensing capabilities.
The computations of crop production and crop evapotranspiration requires an energy balance model that
converts available radiation from sun and earth into water and carbon fluxes. The updated Surface
Energy Balance Algorithm for Land (SEBAL) model with automated calibration process was used for
this purpose. This so called pySEBAL model is programmed in python language. pySEBAL bases on
freely available data from the Landsat, ProbaV/VIIRS and Sentinel satellites. Hence, there are no costs
involved to repeat and expand these type of analysis. Smart phone based groundtruth improves
efficiency and reduces the costs of field works.
The 2016-7 Rabi season baseline condition of KIP total water consumption, shortage and crop
production is revealed. Table 6.1 summarizes the CWP results for KIP. Cropland accounts for 64.4% of
total land areas. A total wheat production area of 33,652 ha consumed 124.2 Mm3 of water and produced
127,876 ton of wheat grain. A field water shortage, in the form of ET deficit, of 14.5 Mm3 (11.7% of
current consumption) exists for wheat. Vegetables occupy 80,343 ha of areas, from which it consumed
255.5 Mm3 of water and generated 88,377 ton of vegetables. Oranges also occupy 31,455 ha of land and
consume 123.6 Mm3 of water during the same period. However due to the incomplete cover of a full
growth cycle orange yield and production are not produced from remote sensing approach. Clearly
vegetables are the biggest water consumer in KIP from the baseline condition.
Water shortages were determined at pixel level for different crops. The water shortage for the 2016-7
Rabi season crop type and areas, is 14.5 Mm3 for wheat, 25.7 Mm3 for vegetables, and 6.9 Mm3 for
orange (only part of a harvest cycle). This should be basis for determining new irrigation supply capacity,
after future irrigated areas are also included.
The CWP of wheat and vegetables were mapped in the KIP. The CWP of wheat is not low but with high
spatial variability. The average CWP of wheat is 1.05 kg/m3 with a CV of 20%. The average yield and
ETa are 3.8 ton/ha (CV 26%) and 369 mm (CV 21%) respectively. The average CWP of vegetables is
0.36 kg/m3 with a CV of 36%. The average yield and ETa of vegetables are 1.1 ton/ha (46%) and 318
(29%). Low CWP accompanied with very high variability indicates great potential not only at system
level, but also among different areas within the system.
High spatial variability represents non-uniform performance across the system. The crops are highly
fragmented with small areas of cultivation spread out across the system for both wheat and vegetables.
In general the areas close to surface waterbodies have lower CWP but also low yields.
The factors potentially linked to water consumption, yield and CWP are investigated for location, slope,
soil, water sources, irrigation methods, and fertilizer application. The analysis did not find significant
variations in CWP indicators among different administrative units, or on different slopes. But the
distance to surface waterbodies has significant impacts on water consumption (10-15% reduction), and
wheat yield. The area is dominated with clay and clay loam soils, which correspond to very similar CWP
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indicators. But there are also soils with high pebble stones which are characterized with low water use,
low yield and low CWP. Different application rates of fertilizers have insignificant effects on crop water
use, yield and CWP. In fact the yield of wheat is the lowest when farmers used more fertilizers.
Irrigation water sources and methods also have significant impacts on CWP. Surface water lift irrigation
has the highest CWP for wheat, followed by ground water and canal gravity irrigation. However,
groundwater irrigated wheat consume less water than wheat with other water sources. The highest water
consumption rate was from canal surface irrigation for all three crop types (wheat, vegetables, and
oranges). Check basin is an efficient irrigation method in KIP. The CWP of check basin irrigation is
much higher than flooding irrigation, and even similar to that of drip irrigation for vegetables. It
consumes almost 30% less water than flooding irrigation for wheat, and similar amount to that of drip
irrigation.
Significant potential exists from on-farm water savings. The average ratio of beneficiary consumption
(Ta) to total consumption (ETa) is 57% for wheat, 39% for vegetables, and 56% for oranges. These
ratios are very low, especially for vegetables. They indicate large areas where high potential exists to
minimize water losses at farm level by reducing open soil evaporation. Figure 6.2 shows such potential
in a spatially explicit manner. The highest water saving potential is along the main river where the
beneficiary consumption ratio is only 40-50%, a 10-20% potential for improvement if we just take
system average of 60% as a modest target. Large areas in the upper to middle stream of TLBC also show
lower ratio with a potential of about 5-10% improvement.
There are always a need to determine priority interventions areas due to constraints in resources. This
for example can be easily done using the CWP map classified in 3 categories: hotspots or poor
performing areas with CWP 1 standard deviation (SD) below average, areas with average CWP, and
bright spots/hero farmers for those well performing areas with CWP 1 SD above average. The hotspots
are not expected to achieve the same results as the bright spots, but could learn from the hero farmers.
Areas closer to waterbodies seem to be least efficient therefore requiring more attention to reduce water
consumption.
Farmers in KIP are developing new irrigation for diverse crops at fast pace, and the planned new
irrigation system will provide them with much needed water. The effectiveness of investments depends
on the main constraints to improve yield and WP. It is recommended that any interventions have to be
location specific considering current water use, yield and CWP levels as well as contributing factors.
A lack of irrigation infrastructure can be the primary reason for low productivity. This is especially
source of concern that the farmers already adopted a highly diverse cropping system with extensive
irrigation practices for vegetables and oranges. Groundwater undoubtedly has a major role contributing
to the new irrigation development. Any planning of future irrigation infrastructure needs to take
consideration of existing pumping capacity, and develop new supply capacity where it is needed based
on spatially explicit water shortage assessment with consideration of future new area development.
Follow-up field investigation should be initiated to define a package of measures that could generate
more location and factor specific plans. Such value-adding exercises need to be carried out through
collaborations with irrigation engineers/managers, agronomists, extension services, farmers and farmers
groups.
The CWP and pySEBAL training workshop, organized with the Water Resources Department, was
carried out for 8 selected participants. This training is meant to create awareness and interests. It does
not seem to be of sufficient duration to transfer the full modelling capacity. The latter needs to be
achieved through more in-depth learning and hands-on exercises, preferably with individual investment
projects. In particular, emphasis should be given to diagnoses of the problems from the remote sensing
outputs and monitoring of the irrigation system to detect improvements.
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1. Introduction
1.1 Water productivity for water and food security
Asia is the world’s most dynamic region with fastest economic growth. Due to economic and
demographic development pressures, water is becoming an increasingly scarce resource. If left
unmanaged, this poses a real threat to continued growth and prosperity of the Asia region. The latest
analysis by the International Institute for Applied Systems Analysis indicates that 80% of the population
in Asia will be water insecure by the year 2050 (IIASA, 2016). Global water demand is projected to
increase by about 55% (from 4,500 billion cubic meters in 2010 to 6,350 by 2030) with growing demand
from manufacturing, thermal electricity generation and domestic use (Addams et al., 2009). Agricultural
demand for water will be most intense in India whereas the People’s Republic of China will have the
greatest growth in industrial water use.
According to an unpublished and recent research from the WaterAccounting.org group, the irrigation
water withdrawals in Asia are about 73% of the global total. Table 1.1 summarize the modelled irrigation
water withdrawals by 4 different groups. The irrigation water withdrawals in Asia is estimated to be
from 1174 to 3861 with an average value of 2,350 km3 in year 2010. Over the past few years many
Asian countries have seen renewed investment interest into irrigation, leading the region’s irrigation
development to outpace world average. Hence the role of Asian irrigation systems in the world is
dominant, and their management is of great significance to global food and water security.
Table 1.1: Assessment of irrigation water withdrawals in Asia based on 2010 conditions
Data source

Asia % of
world

Total irrigation
withdrawal world

Total irrigation
withdrawal Asia

Km3/yr

Km3/yr

LPJmL model

63.4

1851

1174

Globwat

77.5

2640

2047

PCR-Globwb

86.6

4457

3861

WaterGap

64.5

3591

2317

Average

73.0

3219

2350

The gap between food production and food demand is increasing in many countries. While this is mainly
related to the population growth and changing diets, there is also an emerging issues of insufficient water
resources being available to produce the large amounts of food required. Food production consumes
significant amounts of water, ranging from 4,000 to 12,000 m3/ha/season, and for certain tropical fruit
crops this can even reach 22,000 m3/ha. One of the solutions is to produce the same amount of food
from less water, or when feasible, produce more food from less water resources (or popular "more from
less"). The key performance indicator to express this is the crop water productivity (or popular "more
crop per drop").
Increasing crop water productivity (CWP) involves dual objectives of increasing crop yields and/or
reducing crop water use. CWP is a relative indicator and higher WP does not necessarily mean better
performance. For example, CWP of rainfed agriculture could be higher than that of irrigated agriculture.
Local conditions vary and the potential in crop yields are different. Depending on water resources
availability, water saving in agriculture is not always desirable across space and crop growing duration.
An assessment by the Challenge Program on Water for Food of CGIAR fund vast differences in the
performance of agricultural water management in ten international river basins across Asia, Africa and
Latin America (Cai et al., 2011). The CWP changes in spatial and time domain with the changes in
underlining yields and water consumption, and that local conditions determine the potential and means
for improvement.
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1.2 A shift from efficiency to water productivity
The WP concept is developed in recognition of the constraints with traditional irrigation efficiency
indicators. The traditional indicators focus heavily on engineering aspects of irrigation, which has a bias
towards infrastructure investments like canal lining. It does not capture water reuse in a system and the
ability of irrigation systems to turn water supply into food production. It does not reflect the competitive
demand from outside the agriculture sector at a larger scale. Figure 1.1 shows that irrigation efficiency
in effect represents only a small portion of hydrological processes in a farming system. Irrigation
efficiency is not addressing the concepts of consumptive use from a viewpoint of total water resources
available. It merely looks at water from sources to the field from a “supplier” point of view. Farmers are
more interested in the results of irrigation (e.g. nutrition, income, jobs) rather than on how efficient that
production is acquired. Food production is more essential for them, and if water is the major input
constraint to food production, it make sense to express it per unit of water consumed. This philosophy
is now widely accepted and adopted in the international community, including donor agencies.

Figure 1.1 The irrigation efficiency and water productivity indicators for irrigation systems. The two
indicators are complementary while WP covers more advanced and broader components of irrigation
performance.
WP indicators are broader than irrigation efficiency indicators. As shown above WP does not replace
irrigation efficiency. Rather it brings two major outcomes of irrigation water management into one
single expression: Crop production, the purpose of farming and irrigation, and the water consumed, the
means to achieve the production. In achieving higher WP, it is still important to look at field level
application efficiency, and cross sector, upstream/downstream allocative efficiency at catchment/basin
level.
WP focuses on consumed water. Irrigation systems are highly modified, leading to complex water
cycling processes, which is further exacerbated by management practices including irrigation and
drainage. Remote sensing based WP assessment focus on actual evapotranspiration (ETa) – the water
actually consumed. Further, the ETa is divided into crop transpiration, a beneficial consumption, and
evaporation from soil/water and canopy interception, a non-beneficial consumption from production
point of view (Figure 1.2).
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Figure 1.2 Remote sensing approach focuses on the beneficial and non-beneficial consumptive use of
water.
WP also promotes more integrated approach to water management. Water productivity was originally
an agronomy term to measure plant water use efficiency. It was revised and given a new definition to
represent the ability of a system to covert water consumed into goods and services (Molden, 1997). WP
is a significant step forward in linking water management with broader policy goals such as water
security, food security, and economic development. Kilograms of fresh food can be converted into gross
returns ($), employment (jobs), nutrition (calories). Reducing the consumptive use enables more water
to remain in the physical system for allocation to other sources. WP benchmark link water managers
with target settings and investment strategies.
Although improving crop water productivity can indeed contribute to the solution to combat the water
and food crisis, in reality it is more difficult to achieve crop water productivity improvements at farm
level, partially because target values are absent and farmers/irrigators are not guided by any means. They
often associate water savings with a lower amounts of applied water, fewer irrigation turns, or a higher
on-farm irrigation efficiency, and are not considering the consumptive use of irrigation water and the
production that is associated with that.
Various strategic programs ranging from United Nations to National Departments assume that crop
water productivity can be improved. This is recently confirmed by scientists from FAO and UNESCOIHE that showed a skewed behaviour of crop water productivity towards the lower side (see Figure 1.3).
This simply means that for many cereal fields, it is feasible to improve water productivity from a belowaverage value to a mean value. Yield of rice also has great potential for improvement (Papademetriou
et al., 2000).

Figure 1.3 Frequency distribution of the Global Water Productivity Score (GWPS) reflecting wheat,
rice and maize crops at the global scale. This graph could be created due to climate and crop
normalization. A GWPS of 1 is poor and of 10 is excellent (Bastiaanssen and Steduto, 2016)
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1.3 The collaboration between IHE Delft, ADB and WRD on building up capacity in
water productivity for better investment
The Sustainable Development Goals (SDG) include goal 6.4 to describe efficient use of water in
agriculture. The implication of this, is that countries now have to report on their WP. It marks a
significant shift in WP from a research tool (Kijne et al., eds 2003) to a monitoring indicator for policy
making and operational management. The term and concept already received attention from
international development agencies such as FAO (2003), World Water Assessment Programme (2009),
USAID (2009), World Bank (2010), and regional development cooperation such as CAADP (2009).
The wide uptake of WP marks a shift from technically focused investment in irrigation and agricultural
water management to outcome oriented decision making.
The Asian Development Bank (ADB) results based lending on agricultural water management should
lead to increased production and more sustainable water use. While most projects are currently targeting
on improving land productivity (kg/ha), this will be complemented with CWP (kg/m3) improvement
requirements, in new projects and lending during 2016 and beyond. It is rather unclear - however - what
the current status of water productivity is, both at the start and at the end of ADB-related projects. There
is a large gap in the understanding of the concept of CWP at various levels, and how to measure and
implement it. A capacity building program for stakeholders is necessary. Policy makers, irrigation
engineers, agronomists and practitioners should be reached. This cannot be accomplished with a short
term project, but a start needs to be made with introducing the concepts and make some local diagnosis
of good and poor performing farms.
To make the start, IHE is working with ADB to raise awareness, build capacity, and test frontiers of
CWP with irrigation and water managers in five Asia countries (Vietnam, Indonesia, Sri Lanka, India,
and Pakistan). The project will establish a performance baseline for irrigation systems which can be
used to measure the benefits of ADB investments. The implementation of the project will be carried out
closely with national partners to raise the awareness of using CWP to benchmark agricultural water
management, hence improving the planning, design, and management of irrigation systems.
The overall objective of this pilot and capacity building project is to help improve planning processes
of the ADB investments in water security and irrigation systems, and enhance capacity to countries on
the concepts of CWP. The recipient organizations were explained on the difference between water
productivity and irrigation efficiency. They were offered a training course for technical staff to gain
hands-on experiences in using satellite images to assess irrigation water consumption, crop yields, and
CWP. They also learnt how to diagnose good and poor performing fields, as well as determining
improvement potential through scenario analysis. A CWP diagnosis of selected irrigation projects in
these countries is provided in this report to the local organizations to demonstrate the technology, and
provide inputs to ADB on-going irrigation investment projects. Information on fields familiar to local
partners will increase their understanding on how to operationalise concepts of CWP under practical
conditions in Asian developing countries.
The project is expected to contribute to ADB agenda on water security which is heavily underlined with
irrigation water use in many Asian countries. “More crop per drop” will help ADB and its clients look
at more efficient way of developing and managing the biggest water user – irrigation, and potentially,
exploring possibility of building WP as diagnostic tool and monitoring indicator into ADB and country
investment and management plans (figure 1.7).
In India two separate states, Karnataka and Madhya Pradesh, were included in the project. In Madhya
Pradesh the Water Resources Department (WRD) is the main collaborating partner and directly involved
in site selection and training workshop. The pySEBAL trainees are all from the department.
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Figure 1.7. The role of Water productivity in irrigation systems, the single biggest water user, to
support ADB initiatives for Asian water security. (Source: ADB, 2016)

1.4 pySEBAL training workshop
A training workshop was organized as part of the capacity building of the project. The objective of the
training workshop is to introduce the concept and frontiers of crop WP (CWP) for applications in
irrigation investment and management, and to build up in-house capacity using remote sensing and
model tool (pySEBAL) for assessing CWP. Specifically: What is CWP? How to use pySEBAL and
remote sensing data to assess CWP? How to use remote sensing based CWP assessments to improve
irrigation planning, design, and management.
The workshop was organized with WRD and conducted in the office of the department in Bhopal from
4 – 8 December 2017. A total of 7 participants (6 women and 1 man), all assistant engineers from WRD,
joined the training. Detailed training program and participant list is attached in Annex 5. The tailormade-training course includes introductions to general introduction to RS, RS data and the applications
for agriculture and water management. The training then focused on hands-on exercises with pySEBAL
model. Data for the KIP area was provided for exercises, based on which, the participants were able to
reproduce water productivity and associated maps at the end of the training workshop. They were also
taken through the results to learn how to interpret the maps, and conduct analysis to extract information
useful for planning and management.
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2. Overview of the methods
IHE Delft has developed a method for CWP assessment in irrigation systems. The methodology,
centered on the tool pySEBAL, uses satellite images and weather data to map agricultural water
consumption (actual evapotranspiration), crop yields, and crop water productivity. pySEBAL is the
latest development of the well-known SEBAL model, an ETa algorithm (SEBAL stands for Surface
Energy Balance Algorithm for Land). It is based on Python, an open source language, and built in crop
growth simulation model and CWP algorithm. The remote sensing based approach revolutionize how
we could assess field conditions. It does not require field water measurements, which is a main obstacle
in many countries. It is however very important to validate the results, especially crop yields, and to
help understand the results from image analysis. Field survey is therefore needed to collect crop type
and crop yields. Information on infrastructure, soil, management practices, seeds and fertilizers etc. will
also help understand the variability of performance, and develop appropriate recommendations. An
overview of the methodological flow chart is given in figure 2.1. More detailed description of the
pySEBAL model is attached in annex 2 (manual) and annex 3 (list of publications).

Figure 2.1 The methodological framework of CWP assessment. In this case two parallel processes,
one using Landsat images, another using Proba-V/VIIRS images were used to calculate CWP
separately. The results are then integrated to capture daily dynamics
Clouds had negligible effects on the Landsat 8 images. A good quality 16-day repeat of Landsat 8 images
were found for the KIP area during the 2016-7 Rabi season. The 16-day repeat is good enough to capture
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seasonal dynamics of crop water consumption and growth. Therefore only Landsat 8 images were used
in Madhya Pradesh study (corresponding to the green box in figure 2.1).
The current version of pySEBAL automates most of the image processing processes. The pySEBAL
version 3.3.7 incorporates several new developments towards improving accessibility by users. These
include open source, open data, and automated processing of various options of input data, which
represents several breakthroughs for public uses. PySEBAL, however, does require a crop type map to
estimate crop specific yields and water productivity.

2.1 Open source automated approach
Python is an open source programing language widely used by research community and industries.
Python based models are transparent and users can exam or modify each and every command or module
to their needs and specific contexts. For simplicity the pySEBAL is designed in a way that all the inputs
are organized in a separate Excel file where users fill in image information and weather data, and have
the opportunity to change few parameters such as soil properties and crop height.
Automated processing represents one of the major technological advance of the new model. PySEBAL
can now automatically process images from raw data to a range of outputs, avoiding previous manual
hot and cold pixel selection processes, therefore reduces experience related uncertainties. The automated
version involves no manual image preparation or processing, which can greatly reduce processing time
for multi-year seasonal analysis which often involves large amount of images. The model is accessible
through a GitHub: https://github.com/wateraccounting/SEBAL.

Figure 2.2 Screenshot of the Spyder2 (a version of Python) software as platform for implementation of
pySEBAL

2.2 Open access data
Open data approach is another underlying principle of the new pySEBAL model. Currently, data
supported include Landsat 5, 7 and 8 images (from 1984 to date), ProbaV and VIIRS (from 2013 to date)
and MODIS (from 2002 to date). In addition, the model can also take separate image inputs such as
NDVI, Albedo, SAVI and land surface temperature, meaning users can process from other any possible
image sources. The spectral definitions and additional information provided varies from Landsat 5 to 8.
The Landsat number therefore needs to be specified among the input requirements. While Landsat 5 and
7 have a single thermal band, Landsat 8 has a dual thermal system. Users can use either of the bands or
both. The default is to use both thermal bands.
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There are also images from several other public domain satellite sensors not included in current version
of SEBAL. Examples include Sentinel from European Space Agency (ESA), and many other sensors
with multiple spectral bands. Although many lack thermal bands required for land surface energy
balance, images of these satellite sensors are useful for water productivity assessment at irrigation
scheme, river basin and country level. PySEBAL development will continue to expand support to more
data sources.

2.3 Crop type mapping for crop specific assessment
PySEBAL processes the surface energy balance and plant growth at landscape level with a grid of 30 m
independent of crop type information. All c3 crops namely show the same response to solar radiation
and environmental conditions. The ETa and biomass production of individual crops can be made without
any a priori information on the type of crop and type of soil. A crop map is however required for making
crop specific production analysis such as for (i) crop yield and (ii) water productivity. The storage organs
that will be harvested are a fraction of the total biomass production, and this fraction (i.e. harvest index)
is thus crop dependent. In the KIP the dominant irrigated crops in the Rabi season are wheat, vegetables
and oranges, the latter two was not in initial assessment plan but was found to have significant
implications due to their large spread areas in the system.
The crop classification is performed in Google Earth Engine (GEE), where data, algorithm, computer
power and storage facility is all integrated. GEE is currently available online free of charge. The
classification of crops are performed using Landsat 8 time series data and the Classification and
Regression Trees (CART) algorithm (Stone et al., 1984). All bands are used except for B10 and B11.
This choice has been made as these bands do not yield big enough differences between land use
classes to be able to make a classification based on these bands. The images are masked, removing any
pixels with a cloud cover above the threshold of 40%.
Training samples were developed from groundtruth and Google Earth high resolution zoom-ins. The
training samples are identified for wheat, gram, orange, water bodies, urban areas, bare land, forest
areas and vegetables (coriander). In GEE the polygons are drawn for each of the classes. The polygons
are combined to create the final training image. The image can consist of data gathered on the ground
or of data gathered from satellite data, or a combination of the two.

2.4 Smart phone based field survey
Ground truth survey was conducted using smartphone application. A GT survey form was developed
digital forms and built into an Android smart phone application ODK Collect. ODK Collect takes
advantages of the GPS, camera, and internet connection capability of smart phones. It can record the
coordinates, text description, multi-choice selection, and multimedia such as pictures, voice recording
and videos. Two types of data collection forms were designed: the normal mode which has questions on
crop yield, growing season, water management and canal information etc to be answered by a farmer in
the field; and a quick mode which allows for non-stop quick tagging of crop type on the map. A detailed
description of the GT survey methods and the ODK Collect is attached in Annex 3.
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Figure 2.3 Ground truth with smart phones. On the right is the interface of the application

3. Project areas and data collection
3.1 Study area
The Kundalia Irrigation Project (KIP) is a planned project to expand current small scale, multi-sources
irrigation to a large irrigation system. The KIP is part of the Madhya Pradesh Irrigation Efficiency
Improvement Project. The project aims to build a 44.5 meter dam across the Kalisindh River (started in
2015) and develop 125,000 ha of cultivable command area supplied with pressurized pipe distribution
system.
The KIP is planned to supply irrigation primarily during the Rabi (dry) season. The KIP project
feasibility report estimated the Kalisindh River produces approximately 521 Mm3 of water available for
irrigation (Beaumont et al., 2016). Groundwater use however is common in the command area, which
largely supplement rainfall during Kharif season cultivation. The same report, using data from the
Central Groundwater Board, estimated an annual groundwater withdrawal of 1.2 Mm3 for irrigation
purposes in the districts of Rajgarh and Shajapur.
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Figure 3.1 The Kundalia Irrigation Project in Madhya Pradesh (Source: Beaumont et al., 2016)

3.2 Crop
The KIP has a diverse cropping system. The main crops in the command area currently are soybean,
maize and pulses in Kharif season and wheat, vegetables (mainly coriander), and gram in Rabi season.
There is also large area of orange plantation. Wheat and gram are typically sown in November and
harvested in February. Little data exists for coriander and orange cultivation in KIP.
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3.3 Data
Landsat 8
The Landsat 8 imagery is one of the most widely used images for remote sensing applications in natural
resources and agriculture. It has a 30 meter resolution in multispectral bands while the thermal band is
100 meter. Landsat 8 has a 16 day repeat cycle. A total of 9 Landsat 8 images with path/row number
146/043 were downloaded from USGS EarthExploerer (https://earthexplorer.usgs.gov/) for the 2016-7
Rabi season from 13 November 2016 to 21 March 2017. The image tile covers most parts of the KIP
area except a corner to the South (Figure 3.3), which leaves about 8610 ha, or 4.2% of total command
area (205,167 ha) out of the study. Clouds in the season are overall negligible. In pySEBAL areas
affected by small patches of clouds are filled up using a linear interpolation algorithm.
Weather data
Daily weather data from the Rajgarh meteorological station was collected for the study period. The
weather station is located more than 20 km to the east of KIP irrigation system. The data includes
temperature (Min, Max), rainfall, relatively humidity twice a day, and wind direction and speed twice
daily. It lacked sunshine hours or solar radiation measurements, which was filled using global radiation
product. Instantaneous weather parameters of satellite overpassing time, normally around 10:50 AM,
are therefore interpolated from daily records.
Ground truth
The GT data was collected using ODK Collect for the KIP. The field trip collected a total of 577
observations in quick mode and 148 in normal mode during the period of 8 days from 29 August to 5th
September, 2017 (figure 3.2). As can be noted

Figure 3.2 The ground truth points in the KIP area collected from 29 Aug – 5 Sept 2017. The normal
mode points are those with farmers interviewed, the quick points are those only with crop type and no
farmers’ interviews.
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4. Water consumption, yield, and crop water productivity in KIP
This section presents the results from image analysis on the 2016 Rabi season from 1st November 2016
to 31st March 2017. Seasonal total evapotranspiration and biomass production were mapped for Landsat
image 146/043. They were then extracted using a crop mask layer to focus on areas of individual crops
within the KIP command.

4.1 Crop type map
The hilly region of the KIP area has a diverse cropping system. The GEE based classification result is
shown on figure 4.1. Three crop types (groups) are mapped. These are wheat, orange, and coriander &
pulses combined, along with other features such as waterbodies, urban area, shrub and forest. Oranges
are mainly distributed along the rivers and small reservoirs towards the west and north/downstream.
Large areas of coriander and pulses are found to be in the central to southeast side (upstream) of the
command area. In most places no surface canals can be visually identified. It can therefore be assumed
that groundwater supply is dominant source of irrigation water. Perhaps also related to absence of central
irrigation water supply system, the distribution of all crops, especially wheat, is highly fragmented.

Figure 4.1 A combined map of crop type and land cover for the KIP region for the 2016 -17 Rabi
season mapped using Landsat 8 images in GEE.
The dominant crops for the 2016 Rabi season are coriander, pulses, wheat, and oranges. The overall
classification accuracy, assessed using ground truth points, are 72% for wheat, 92% for oranges, and
79% for combined coriander and pulses. Wheat has the lowest accuracy due to the more likelihood of
confusing with shrubs. The orange is the easiest to identify as shown on figure 4.1 top right.
The cropped areas in 2016 seem to be higher than previous estimates. The total cropped area is 145,449
ha in the command area identified using the boundary shape file as shown in figure 4.1. This is already
more than the 125,000 ha of the planned KIP areas with future expansion. These areas are divided into
80,343 ha of coriander & pulses, 33,652 ha of wheat, and 31,455 ha of orange. The wheat area is smaller
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than the estimate of WRD (50,100 ha), while the orange is significantly larger (150,000). Orange is a
relatively new cultivation in the area and is under rapid development. In total the cropland accounts for
64% of total area within the command of KIP.

4.2 Crop water consumption and deficit
The consumptive water use (ETa)
Crop water consumption in this study is referred to as consumptive use of water by crops through
evapotranspiration processes. This is the amount that leaves the irrigation system and can no longer be
reused by downstream users. The actual evapotranspiration (ETa) is generated from integrating time
series Landsat 8 images for the period of 1st November 2016 to 31st March 2017, extracted for individual
crops using the crop map presented in section 4.1.
The 30 meter resolution ETa map reveals the level of water consumption as well as their spatial
variability across canal command area. Figure 4.2 shows the ETa map of the entire command area. The
ETa ranges from 0 to 752 mm with an average of 307 mm and very high CV of 37%. The total water
consumption in the command area, including those from waterbodies, cropland, forest and scrublands
but excluding a small area to the south, was therefore 601 Million cubic Meters (MCM) for the study
period. The high CV means high variability across the area which is expected because of diverse water
and land surface conditions across the total area. High ETa areas are normally found in the valleys along
the rivers and tanks, while the hill ridges have less than 200 mm of ETa.

Figure 4.2 Map of actual Evapotranspiration (ETa) for the KIP command area, 01 Nov 2016 - 31
Mar, 2017. The bottom part was left out due to insufficient image cover.
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Crop specific ETa was extracted from the above map using the crop type map. Figure 4.3 shows the ETa
maps of wheat, orange and vegetables (including pulses). The average ETa of the three crops are 369
mm, 393 mm, and 318 mm for wheat, orange, and vegetables respectively. Orange is the most water
intensive crop of the three and vegetables is the least water intensive in terms of per unit land water
consumption. The total water consumption from these three crop are 124 MCM, 124 MCM, and 255
MCM for wheat, orange, and vegetables respectively. Together the total water consumption of the three
crops combined are 503 MCM, or about 84% of total water consumption from the catchment, which is
much higher than the percentage of cropland to total area (64%).
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Figure 4.3 Seasonal ETa of wheat, orange, and vegetables in KIP command area, 1 Nov 2016 – 31 Mar 2017.
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There are again high spatial variability in water consumption by each crop (groups) in the command
area. The CVs of wheat, orange and vegetables are 21%, 29% and 19% respectively. This is much lower
than that of the command area ETa, but still rather high. Generally, areas further away from rivers and
water bodies have lower ETa, which indicates water stress, probably due to lack of irrigation
infrastructure in these areas.
The beneficial water consumption (ETa)
The crop water consumption (ETa) can be further separated into transpiration and evaporation by
pySEBAL model. Transpiration is the water consumed by crops through canopy photosynthesis process.
It is therefore considered beneficial for the plant to grow. The evaporation, while it helps regulate microclimate and cool down crop temperature, is considered as non-beneficial from efficiency point of view.
The maps of the transpiration can be found in figure 4.4. The average values of transpiration are 217
mm, 227 mm, and 138 mm for wheat, orange, and vegetables respectively.

Figure 4.4 the beneficial consumption of water through transpiration for wheat, orange, and
vegetables in KIP, 1 Nov 2016 – 31 Mar 2017
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High variability is again observed for transpiration not only in terms of standard deviation, but clearly
differences in areas in the valley and those away. The trend is especially evident for vegetables on figure
4.4. Towards the upstream area in the south, the Ta tends to be very low, often bellow 100 mm, which
is far less than that of wheat and orange orchards.
Crop water deficit
The ET deficit is another essential performance parameter that is produced by pySEBAL. ET deficit is
calculated as the difference between potential ET (i.e. water unlimited ET at the actual crop development)
and actual ET (ETa). ET deficit is a direct expression for water shortage the crop experiences on a pixel
by pixel basis (figure 4.5). It helps assess, without any further information on canal flows or field
measurement, whether crops from certain fields have sufficient moisture in the root zone.

Figure 4.5 Pixel based water shortage as measured in ET deficit for 2016-7 Rabi season
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Overall water shortage is low in the system for the studied period. The average ET deficit is 43 mm with
a CV of 77% for wheat, 32 mm with a CV of 94% for orange, and 22 mm with a CV of 118% for
vegetables. This is 14 MCM shortage of crop water requirement for wheat, 26 MCM for orange and 7
MCM for vegetables. Altogether the 2016 Rabi season had a water shortage of 47 MCM from the three
types of cultivated croplands.

4.3 Crop yield
The crop yield is mapped through biomass first and then converted to yield map using harvest index
established with field data. The dry biomass is dry matter production accumulated through
photosynthesis process which can be estimated using satellite image. The conversion from biomass to
grain yield for specific crop however depends on many other elements such as seeds, crop temperature,
nutrient, and water stress. Therefore a harvest index (HI) is commonly used to represent the ratio of crop
yield over dry biomass production. This study establish such an apparent HI using crop yields (with
moisture content accepted for marketing, typically at 12-15%) estimated by farmers divided by dry
biomass production of the same location.
The biomass of the KIP area is mapped and shown in figure 4.6. The average biomass across landscape
is 6.6 ton/ha with a CV of 58% for the 2016-7 Rabi season. Strong variability is observed for the biomass
production, much higher that of ETa with a CV of 37%. The command area is highly water deficit,
which has a profound effect on vegetation growth. The average biomass production of the same period
for wheat, orange and vegetables are 10, 10, and 7 ton/ha respectively. It is noted however that the study
period covers only part of one orange harvest cycle.

Figure 4.6 the biomass production of the KIP for the period 1 Nov 2016 to 31 Mar 2017
Harvest Index (HI) for wheat and vegetables are determined using biomass and field survey data. The
field survey collected estimated yield data of 36 farmers with their location. However, only 27 of the
samples were found to have valid data for correctly identified wheat pixels. Similarly, there are 32 valid
samples for coriander. The average yield of the 27 wheat samples is 3.8 ton/ha while the corresponding
average dry biomass production is 10.5 ton/ha. If an average moisture content of 15% is assumed, then
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the HI for dry yield divided by dry biomass is 0.31, slightly below an average of 0.37 reported in
literature. The average coriander yield of the 32 samples is 1.2 ton/ha and the average biomass 8.52
ton/ha, corresponding to an apparent HI of 0.23 (not adjusted for moisture content). The detailed GT
yield and harvest index calculation can be found in annex 4.
The yield maps of wheat and vegetables are produced separately using biomass maps and harvest index.
Figure 4.7 shows the yield maps of wheat and vegetables separately. The average yield is 3.8 ton/ha
with a CV of 26.3% for wheat, and 1.1 ton/ha with a CV of 45.5%. The CVs of crop yields are higher
than those of ETa, especially for vegetables. The crops are already water stressed as revealed earlier. A
variation in crop water consumption therefore creates even bigger variations in crop yield.

Figure 4.7 the yield maps of wheat and vegetables for the 2016-7 Rabi season

4.4 Crop water productivity
Water productivity maps of wheat and vegetables were produced using the yield map divided by ETa
maps, after the units were converted. Figure 4.8 shows the WP map of wheat and figure 4.9 shows the
WP of vegetables produced for the study area.
Low WP with high variability were observed for the wheat crop. The average WP of wheat is 1.05 kg/m3
with a CV of 20%. The average WP falls into a normal range compared with values frequently reported
in literature. The system performance is therefore can be categorized as “average”. There is currently
very little central canal supply in the system. Wheat crop area is relatively small and highly scattered as
shown on the figure. Farmers are mostly manging the water on their own. The obstacle to improved
performance is therefore probably not much in supply management, but rather, water scarcity.
High variability of wheat WP is represented by high CV and visible spatial distribution. The CV is high,
although lower than that of wheat ETa and yield. The combined effects of both factors reduced the
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variability of WP. There are pockets of areas, as shown on figure 4.9 in blue, where WP is high (above
1.27 kg/m3). The lower end, however, is less visible due to non-clustering of these areas.

Figure 4.8 the crop water productivity map of wheat in KIP for the 2016-7 Rabi season
The WP of mixed vegetables represented by coriander is shown on figure 4.9. The vegetable areas,
dominated with coriander, is about 36% of total command areas and 2.4 times that of wheat area. As a
result the wheat WPs are much more visible. The average WP is 0.36 kg/m3 with a CV of 36%. Vegetable
WP is much lower than that of wheat, partially due to low water consumption, but mainly because of
low yield (1.1 ton/ha compared with 3.8 ton/ha of wheat). However, given the mixed nature of
vegetables, it is difficult to assess whether it is high or low, and the effects of varying growth cycles of
different vegetables on WP.
The variability of WP is very high, indicating high potential for improvement. The variability represents
diverse field and crop conditions, as well as farmers’ management practices. But the low performing
areas where it shows red on figure 4.10, is often found close to some of the blue pixels where WP is
high. If these farmers could improve to the levels as their neighbours do, that is already a big
improvement. What these well-performing farmers do to achieve high WP, probably also provide good
learning opportunities for other farmers to follow. To do so, it is necessary to conduct further field
surveys and talk to farmers to locate the pixels to farmers, and identify the factors behind.

22

Figure 4.9 the crop water productivity map of wheat in KIP for the 2016-7 Rabi season

5. Factors affecting crop water productivity
The remote sensing based approach provides a detailed but also quick snapshot of what is happening on
the ground. To understand the spatial distribution of the results, information from the field is compared
to the pySEBAL outputs. This study collected secondary information to understand how WP, yield, ETa
and Ta changes in relation to each other. The results of CWP assessment are compared with the
following factors: administrative boundaries for potential effects on extension services, distance to water
bodies, slope, soil type, fertilizer applications, irrigation sources and irrigation methods. The findings of
the comparisons is explained in the following section. More factors should be considered if the data is
available, and can be done in a similar way.

5.1 Administrative boundaries
The spatial variability of CWP, yield and ETa are assessed using the administrative boundaries of Taluks.
The command area mostly falls in three Taluks of Khilchipur, Susner, and Sarangpur (figure 5.1). The
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CWP, yield and ETa of each Taluk are summarized for wheat and vegetables separately. No variations
in average CWP are observed for vegetables while that of wheat in Sarangpur is slightly higher than
average. The yield of wheat in Sarangpur is actually lower, but the ETa is even much lower, combined
they cause the CWP to be higher. Notably the ETa and yield of vegetables in Sarangpur are also slightly
lower than average.

Figure 5.1 Average CWP, yield and ETa of wheat and vegetables by Taluks

5.2 Distance to waterbodies
The spatial distribution of CWP, ETa, yield and Ta in relation to the distance to waterbodies are analysed.
There are currently few canals in the area. Waterbodies of the several tanks and river streams are
therefore analysed. While not straightforward, distance to waterbodies does provide an indication on the
use of surface water as well as possible pumping close to low land areas. Buffer zones were created at
500 meter, 1 km, 2.5 km, and 5 km in distance from nearest waterbodies.
The average values of CWP, yield, ETa, and Ta is calculated for each zone and analysed. Figure 5.2
shows their distribution. The CWP increases slightly moving away from nearest waterbodies. Both
increases for wheat and vegetables follow logarithmic trend with the rate of increase is the faster when
it is closer to waterbodies. In contrary, yield and water consumption decrease as it moves away from
waterbodies, also following a logarithmic pattern with faster decrease observed closer to waterbodies.
Similar to CWP, the yield decreases were also small, although it was a bit bigger with wheat. The
decreases in ETa, are however significant for both wheat and vegetables. When moving away from 500
meter to 5 km from the waterbodies, the ETa of wheat and vegetables decreased 10% and 15%
respectively.
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Figure 5.2 The variations of CWP, yield, ETa, and Ta of wheat and vegetables in relation to distance to
waterbodies

5.3 Slope
The KIP is located in hilly areas with gentle slopes. The effects of slopes on cropping are clearly visible
from the crop map showing main cultivation areas cluster towards river valleys and tansk. An analysis
was therefore performed to assess whether slopes are correlated with performance indicators. No
correlation could be found between CWP, yield and ETa of wheat and vegetables with slopes. Figure
5.3 shows that with varying slopes, the variables show no significant trend.
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Figure 5.3 the relation between CWP, yield and ETa of wheat and vegetables with slopes.

5.4 Soil
Soil types have been recorded in the GT survey which provides opportunity to examine the potential
link with the performance indicators. Figure 5.4 shows the crop water consumption, yield and CWP for
different soil groups based on the GT point data. No significant differences are observed for clay and
clay loam soils. Soils with wide presence of pebbles, however, have lower CWP due to both lower yield
and lower ETa. The yield from pebble soils are about 30% less than those from other soils for both
wheat and vegetables.
.
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Figure 5.4 The relation between CWP, yield and ETa of wheat and vegetables, and ETa of oranges
with different soil types.

5.5 Water sources of irrigation
GT points show that most of the surveyed areas are irrigated with groundwater. Out of 236 GT points
recorded for irrigation water sources, 76% were groundwater, 8% were from canal gravity irrigation,
12% were from pumping from surface water sources, and 4% from rainfed areas.
Irrigation sources have some effects on CWP, yield and ETa. Figure 5.5 shows that surface water lift
irrigation has the highest CWP for wheat, followed by ground water and canal gravity irrigation. The
CWP of vegetables however has lower CWP from lift irrigation, and even lower from rainfed areas. The
water consumption of wheat decreases from canal irrigation to groundwater and reaches the lowest with
surface lift irrigation. However for wheat the water consumption from groundwater irrigation is the
lowest.

Figure 5.5 The relation between CWP, yield and ETa of wheat and vegetables, and ETa, of oranges
with different irrigation water sources
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5.6 Irrigation methods
The Ground truth campaign also collected data on irrigation methods. The most common irrigation
method in KIP is check basin (202 GT points). There are also some areas adopting drip irrigation (14)
and flooding irrigation (13).
Different irrigation methods also found to affect CWP, yield and water use. Figure 5.6 shows that the
CWP of wheat with check basin is 37% higher than that of flooding irrigation. The differences are
smaller for CWP of vegetables although drip irrigation is slightly higher than that of check basin, and
closely followed by flooding irrigation. The water consumption of wheat and vegetables are similar
from check basin and drip irrigation (the latter is only for vegetables), but much higher from flooding
irrigation. No significant differences are observed in crop yields from all three irrigation methods.

Figure 5.6 the effects of irrigation methods on CWP, yield and ETa
5.7 Fertilizer
The application rates of fertilizers were also collected during field trip and are used to analyse the effects
on CWP indicators. The amount of fertilizer application is graded as below average, above average and
a balanced amount in relation to local agronomic recommendations. Most of the surveyed farmers used
a balanced rate of fertilizers (192 response). But some respondents used more than recommended (27)
and similar numbers used less than recommended (26).

Figure 5.6 The relation between CWP, yield, ETa of common crops with fertilizer types in the system
Figure 5.7 shows the amount of fertilizer applied in the KIP versus the average ETa, yield and CWP of
wheat, vegetables and oranges (the latter only for ETa). There were no significant differences in CWP
from wheat and vegetables although the farmers with higher fertilizer application rates have slightly
higher CWP. Interestingly, the farmers with higher fertilizer application has slightly lower yield for
wheat, compared with those using balanced or less fertilizers. No significant differences are observed
for water consumption.
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6. Summary and the way forward
6.1 Summary of CWP results
The concept of WP helps irrigation mangers, agricultural extension workers, and policy makers to better
understand whether water resources in agriculture are used efficiently. This pilot study introduce WP
concept and demonstrates its applications in Madhya Pradesh. WP is a simple and attractive indicator
to assess whether intended processes go well. More irrigation related performance indicators are needed
to make a first diagnosis on how irrigation systems function. In this study, we introduced therefore also
crop yield, ET deficit and beneficial consumption (Ta).
A novel yet practical remote sensing approach was applied to the Kundalia irrigation project area. The
computations of crop production and crop evapotranspiration requires an energy balance model that
converts available radiation from sun and earth into water and carbon fluxes. The updated Surface
Energy Balance Algorithm for Land (SEBAL) model with automated calibration process was used for
this purpose. This so called pySEBAL model is programmed in python language. pySEBAL bases on
freely available data from the Landsat, ProbaV/VIIRS and Sentinel satellites. Hence, there are no costs
involved to repeat and expand these type of analysis. Smart phone based groundtruth improves
efficiency and reduces the costs of field works.
The 2016-7 Rabi season baseline condition of KIP total water consumption, shortage and crop
production is revealed. Table 6.1 summarizes the CWP results for KIP. Cropland accounts for 64.4% of
total land areas. A total wheat production area of 33,652 ha consumed 124.2 Mm3 of water and produced
127,876 ton of wheat grain. A field water shortage, in the form of ET deficit, of 14.5 Mm 3 (11.7% of
current consumption) exists for wheat. Vegetables occupy 80,343 ha of areas, from which it consumed
255.5 Mm3 of water and generated 88,377 ton of vegetables. Oranges also occupy 31,455 ha of land and
consume 123.6 Mm3 of water during the same period. However due to the incomplete cover of a full
growth cycle orange yield and production are not produced from remote sensing approach. Clearly
vegetables are the biggest water consumer in KIP from the baseline condition.
Water shortages were determined at pixel level for different crops. The water shortage for the 2016-7
Rabi season crop type and areas, is 14.5 Mm3 for wheat, 25.7 Mm3 for vegetables, and 6.9 Mm3 for
orange (only part of a harvest cycle). This should be basis for determining new irrigation supply capacity,
after future irrigated areas are also included.
Table 6.1 summary of crop area, CWP, yield and water use information from remote sensing for the
2016-7 Rabi season in KIP area.

The CWP of wheat and vegetables were mapped in the KIP. The CWP of wheat is not low but with high
spatial variability. The average CWP of wheat is 1.05 kg/m3 with a CV of 20%. The average yield and
ETa are 3.8 ton/ha (CV 26%) and 369 mm (CV 21%) respectively. The average CWP of vegetables is
0.36 kg/m3 with a CV of 36%. The average yield and ETa of vegetables are 1.1 ton/ha (46%) and 318
(29%). Low CWP accompanied with very high variability indicates great potential not only at system
level, but also among different areas within the system.
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High spatial variability represents non-uniform performance across the system. The crops are highly
fragmented with small areas of cultivation spread out across the system for both wheat and vegetables.
In general the areas close to surface waterbodies have lower CWP but also low yields.
The factors potentially linked to water consumption, yield and CWP are investigated for location, slope,
soil, water sources, irrigation methods, and fertilizer application. The analysis did not find significant
variations in CWP indicators among different administrative units, or on different slopes. But the
distance to surface waterbodies has significant impacts on water consumption (10-15% reduction), and
wheat yield. The area is dominated with clay and clay loam soils, which correspond to very similar CWP
indicators. But there are also soils with high pebble stones which are characterized with low water use,
low yield and low CWP. Different application rates of fertilizers have insignificant effects on crop water
use, yield and CWP. In fact the yield of wheat is the lowest when farmers used more fertilizers.
Irrigation water sources and methods also have significant impacts on CWP. Surface water lift irrigation
has the highest CWP for wheat, followed by ground water and canal gravity irrigation. However,
groundwater irrigated wheat consume less water than wheat with other water sources. The highest water
consumption rate was from canal surface irrigation for all three crop types (wheat, vegetables, and
oranges). Check basin is an efficient irrigation method in KIP. The CWP of check basin irrigation is
much higher than flooding irrigation, and even similar to that of drip irrigation for vegetables. It
consumes almost 30% less water than flooding irrigation for wheat, and similar amount to that of drip
irrigation.

6.2 Assessing the potential and determining the priorities
A combined analysis of ET, yield and WP provides a comprehensive picture of the results of irrigation
land, water, and crop management. It is a vehicle for diagnosing management gaps and identifying
directly the local potential for gaining more benefits (food, income, nutrition) from water resources. The
practical interpretation of image analysis requires extensive field knowledge, and understanding of local
water practices that cannot be seen on an image. The specific intervention analysis for solving problems
in irrigation management can be achieved by combining the images produced with field visits to discuss
the observations with local stakeholders. Such type of activity is beyond the scope of current assessment.
However, an analysis into KIP area is illustrated to demonstrate how the planners and mangers can best
embrace these technologies.

Figure 6.1 Water saving and WP potential analysis by identifying water use efficient farmers and
productive farmers.
Yield – often referred to as land productivity – and water productivity should both score high in an ideal
situation. Figure 6.1 shows yield and WP of vegetables for every 30 m x 30 m field. The two dimensional
plot shows most of the pixels fall in a shape that is defined by a straight line at the bottom, ad a
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polynomial line on top. The bottom line is defined by the potential ET that is controlled by atmospheric
conditions. The upper line is defined by local water management practices, including on-farm. This
graph demonstrates the possibilities of farmers who produces the same yield but with different levels of
WP (vertical), due to varying amount of water consumed. On the other side, they could have same level
of CWP even if their yields are different, which reflects broad ranges of production constraints. Not all
farms have the same potential due to soil, water, and other limitations. It is therefore often not possible
to push all the farms towards the top-right corner of the space.
Significant potential exists from on-farm water savings. The average ratio of beneficiary consumption
(Ta) to total consumption (ETa) is 57% for wheat, 39% for vegetables, and 56% for oranges. These
ratios are very low, especially for vegetables. They indicate large areas where high potential exists to
minimize water losses at farm level by reducing open soil evaporation. Figure 6.2 shows such potential
in a spatially explicit manner. The highest water saving potential is along the main river where the
beneficiary consumption ratio is only 40-50%, a 10-20% potential for improvement if we just take
system average of 60% as a modest target. Large areas in the upper to middle stream of TLBC also show
lower ratio with a potential of about 5-10% improvement.

Figure 6.2 The ratio of beneficiary consumption (Ta) to total water consumption (ETa) as an
indication of on-farm water management efficiencies for the 2016-7 Rabi season
Managing field water consumptions are ultimately linked with system performance through
measurement of CWP. Figure 6.3 shows the relation between vegetable CWP and ETa (left) and CWP
with Ta to ETa ratio (right). ETa shows no apparent relation with CWP values, but the ratio of Ta to
ETa, is much more closely linked with CWP. Increases in CWP is positively related to the increases in
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Ta/ETa value through on-farm water management improvements. This finding is consistent with those
in other countries.

Figure 6.3 the relation between vegetable CWP and ETa (left), and CWP and Ta to ETa ratio (right)
There are always a need to determine priority interventions areas due to constraints in resources. Figure
6.4 illustrates this can be easily done using the CWP map classified in 3 categories: hotspots or poor
performing areas with CWP 1 standard deviation (SD) below average, areas with average, and bright
spots/hero farmers for those well performing areas with CWP 1 SD above average. The hotspots (Red)
are not expected to achieve the same results as the bright spots (Green), but could learn from the hero
farmers. Areas closer to waterbodies seem to be least efficient therefore requiring more attention to
reduce water consumption.

Figure 6.4 Combined CWP maps of wheat and vegetables to help determine priority intervention
areas where CWP is very low (red), average (yellow), and above average (green).
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6.3 The way forward
This report presents the demonstration part of a capacity building project on integrating CWP into
irrigation development and management. The project introduces and demonstrates the concept of WP
and use of state-of-art remote sensing technology to assess CWP in agricultural areas where the
government and ADB are working with farmers to develop a major new irrigation project. While new
irrigation development is important to keep pace with the rapid changes in challenges facing farmers,
especially as they increasingly adopt diverse crops such as oranges and vegetables, the effectiveness of
investments depends on the main constraints to improve yield and WP. It is recommended that any
interventions have to be location specific considering current water use, yield and CWP levels as well
as contributing factors.
A lack of irrigation infrastructure can be the primary reason for low productivity. This is especially
source of concern that the farmers already adopted a highly diverse cropping system with extensive
irrigation practices for vegetables and oranges. Groundwater undoubtedly has a major role contributing
to the new irrigation development. Any planning of future irrigation infrastructure needs to take
consideration of existing pumping capacity, and develop new supply capacity where it is needed based
on spatially explicit water shortage assessment with consideration of future new area development.
Follow-up field investigation should be initiated to define a package of measures that could generate
more location and factor specific plans. Such value-adding exercises need to be carried out through
collaborations with irrigation engineers/managers, agronomists, extension services, farmers and farmers
groups.
A CWP and pySEBAL training workshop, organized with the Water Resources Department, was carried
out for 8 selected participants. This training is meant to create awareness and interests. It does not seem
to be of sufficient duration to transfer the full modelling capacity. The latter needs to be achieved through
more in-depth learning and hands-on exercises, preferably with individual investment projects. In
particular, emphasis should be given to diagnoses of the problems from the remote sensing outputs and
monitoring of the irrigation system to detect improvements.
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