











Executive summary

IHEDelft in cooperation with the Asian Development Bank (ADB) conducts a pilot project on assess
Crop Water Productivity in Asia, aiming to contribute to sustaii S RS @St 2 LIYSy & A
sector, and create more value from scarce water resgsi Indonesia is one of thgBot countries
where advanced technologies to measure Water Productivity (WP)diteltits data were introduced.
Given the challages such as growing population, degrading land and increasing water scarcity i
upcoming decades, the Indonesian government aims to rehabilitate its irrigation sytbiednargest

in the world More insights in the spatial distribution of irrigation @aand water productivity of rice
paddies could contribute to decisiomaking in future rehabilitation investments.

This report describes the assessment of WP of paddy rice in Indonesia usy8EBALPYSEBAL is

a tool that translates raw satellite m8urements into maps of actual evapotranspiration and crop
production, among other<rop types of specific growing seasons can also be mapped using satellit
images.The actual crop water consumption (i.e. actual evapotranspiration) and crop yield cea now
estimated for every 30 m x 30 m, even if data on irrigation water application is not available. With th
information, rice production per unit of land (kg/ha) as well as per unit of water consumed) (kagm

be computed.

Focus of this study aretess in Bali, West Java and Lombok. Fieldswogte conducted in Bali and
West Javaa support the mapping A (i K W3 NP dzyThe giousdiziutk Sta iR dolledted from
the fields througlsmart phone basedbservations, and questionnaire of famers axesion officers.
This data, together with secondary data frémoal governmental institutesre usedto verify the
remote sensing outputs.

The WP maps show a distinct distribution in all study sites, which implies that poor and good irrigati
managemenpractices coincide everywhere. The averagefyfaddy ricevas 1.1, 0.76 and 1.4 kg/m

for Bali, West Java and Lombok respectively. Hence, Lombok is the most efficient in converting we
to food. The consumptive use during the dry season was 5067374 mm/season respectively.
The paddy yield was 5.6, 3.6 and 5.0 ton/ha respectBaliythus has the highest water consumption
and highest rice yielgher unit area.But the simultaneous higher values for yield and water
consumption on Bali takes cahat WP is 1.1 kg/&lower than that o ombok(1.4 kg/n¥). The world

wide average value for WP is 1.1 k§/kence Bali is representing the global average value, Lombok
is higher and West Java is lower.

The WPmapsare created and can be used to ind&c@otential investment areadhese are often
areas of low WRvhere opportunities for improving are likely presantd the biggestin Bali a clear
zone with predominantly WP values below average is found in the-s@sthof districts Badung and
TabananFactors thatorrelates with WkEn Bali are drainage problems, erosion, poor water quality
and three rice rotations per year. Interviews with institutes anfield observations support the
theory of a surplus of water in the downstream coastal regidvester quality issues have been
discovered in the urban swubstrict Kuta, where crop production is low. Areas with insufficient
irrigation water supply where also detected from this new remote sensing technologies. Especially tl
northern part of the islam is plagued with water shortage.

As stated by institutes and observed in the field, one influential factor in the Rentang irrigation schen
in West Java is water availability. Tertiary, and sometimes even secondary, irrigation channels are of
dry dueto clogging or insufficient maintenance. In West Java a clear relation is found between the W



distribution and distance to primary and secondary irrigation canals. Also, areas that cope with yea
occurring floods seem to have lower crop production. Iljinareas adjacent to salt bodies show a
pattern of lower crop production values and thus lower WP.

Lessons learned in Bali and West Java are applied to examine the WP conditions for the Lombok rec
Low WP around the city Mataram and Bandar Udupaditrigger the suspicion of water quality issues
because of pollution, based on the analyses for Bali. The region around the Waduk Batujai resen
seem to have low WP values as well. The existing reservoir indicates abundant water availability, be
supported by the high ET values throughout the whole zone.

The spatially explicit maps also show variability and the scope for improv@rhentoefficient of
variations (CV) of WP, ETa, and yields can all be determined from th& hea@d/ of ETa in Bsest

Java, and Lombok is 12%, 18%, and 19% respectively. Lombok has the highest variability due to its
extreme conditions to the west and east sides of the islands Réngangscheme in West Java,
however, is one large contiguous system with alsg Wegh variability in ETa, meaning the water
supply inside the system is highly uneven, so much that it is even higher than those small independ:
systems in Bali. Field surveys link the problem to both infrastructure and management.

Sgnificantpotentialfor WP improvement exists, through yield improvement, but also through water
savings. Bright spots of high WP areas, or hero farmers, exist in all three sites. While not always dire
comparable, they provide a level of indication of the potential domérs from the same areas.
Furthermore, great water saving potential is observed through separation of Ta, the amount of wate
consumed through crop transpiration, from Ea, which is evaporation from open waterbodies and so
The average Ta/ETa ratio 184, 36%, and 52.4% in Bali, West Java, and Lombok respectively. Togeth
they show more than half of the water consumed is-heneficial (Ea). West Java is the lowest with
only 36% of the water consumed beneficially(through crop transpiration). iBrity should be given

to on farm water saving techniques.

This research shows promising results linking SEBAL outputs with the ground truth even though 1
amount of fieldwork was limited. The inclusion of the new HANTS algaal#omproves to be
techncally feasiblegreatingthe technical opportunity to make daily WP reports for all rice fields in
Indonesia, also under cloudy conditions. This could be a big information boost to support irrigatic
managers with their daily services of bringing watefatmners. Whereas some key explanatory
reasons were detected (i.e. distance to canal, salt water intrusion, water quality, erosion), it |
recommended to further explore relations between WP and influencing factors in the local contex
together with localrrigation officers. Even though the research revealed some limitations causing
uncertainties, this new remote sensing technologies can support an efficient and effective investme
purposes on modernization of irrigation. It is recommended that the Diedetof Irrigation and
Lowlands recognize WP as a new policy instrument and implement it both at central level and irrigati
district level.

The demonstration is coupled with a training on pySEBAL to selected participants. A total of .
participants learad the concept of WP and followed exercise using sthset remote sensing
technology to assess WP in agricultural areas. This training is meant to create awareness and intere
It does not seem to be of sufficient duration to transfer the full madpdapacity. The latter needs to

be achieved through more in depth training on the methods, and broader training on remote sensin
as well as PYTHON programming, together with sufficient exercises. Further training, and expose



apply the methodology bysanaller group of persons with reasonable remote sensing background will
be essential to take the momentum forward. They can then also act as trainers to distribute th
methods to more users.

The experiences also show that the current information, ofdanévailability, is incomplete and
outdated. Farmers are changing farming practices and adapting to input limits (including water) as w
as market demands. Their water and crop management practices are different with what th
government authorities havand which planning and design is based on. Recognizing these change
including the drive of market in diversification in seed varieties and cash crops, is important to t
considered in national policy process. Information update is required before megstment is
implemented.



1. Introduction

1.1 Water productivity for water and food security

Asia is the worldbés most dynamic region with fa
development pressures, water is becoming an increasingly scawcecee If left unmanaged, this poses a real
threat to continued growth and prosperity of the Asia region. The latest analysis by the International Institute 1
Applied Systems Analysis indicates that 80% of the population in Asia will be water insg¢heeylear 2050
(IASA, 2016).Global water demand is projected to increase by about 55% (fromEi|BO® cubic meters in

2010 to 6,35@my 2030) with growing demand from manufacturing, thermal electricity generation and domestic
use Addams et al.,, 2009. Agr i cul tur al demand for water wil!/
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 inig&gion
withdrawals in Asia ar@bout73% of theglobal total Table 11 summarize the modelled irrigation water
withdrawals by 4 different group3he irrigation water withdrawals in Asia is estimated tdroen 1174 to
3861 with an average value 2350 kn®in year 20100ver the past few years many Asian countries have seen
renewed investment interest into irrigation, | ea
Hence the role of Asian irrigation systems in the world is domiramd, thei management is of great
significance to global food and water security

Table 11: Assessment of irrigation water withdrawals in Asia based on 2010 conditions

Data source Asia % 'I_'otal irrigation T_otaI irrigation_
of world withdrawal world withdraw al Asia

Kmd/yr Km3/yr
LPJImL model 63.4 1851 1174
Globwat 77.5 2640 2047
PCRGlobwb 86.6 4457 3861
WaterGap 64.5 3591 2317
Average 73 3219 2350

The gap between food production and food demand is increasing in many countries. While this istatgdly r

to the population growth and changing diets, there is also an emerging issues of insufficient water resour
being available to produce the large amounts of food required. Food production consumes significant amou
of water, ranging from 4,000 tb2,000 n¥ha/season, and for certain tropical fruit crops this can even reach
22,000 n¥ha. One of the solutions is to produce the same amount of food from less water, or when feasib!
produce more food from less water resources (or popuiare' from Ies’). The key performance indicator to
express this is the crop water productivity (or poputaore crop per drof).

Increasing crop water productivity (CWP) involves dual objectives of increasing crop yields and/or reducin
crop water use. CWP is a relat indicator and higher WP does not necessarily mean better performance. Fo
exampe, CWP of rainfed agriculture coulit higher than that of irrigated agriculture. Local conditions vary
and the potential in crop yields are different. Depending on wasmurces availability, water saving in
agriculture is not always desirable across space and crop growing duration. An assessment by the Challe
Program on Water for Food of CGIAR fund vast differences in the performance of agricultural wate|
managemenn ten international river basins across Asia, Africa and Latin America (Cai et al., 2011). The CWF
changes in spatial and time domain with the changes in underlining yields and water consumption, and that Ic
conditions determine the potential and me@ansmprovement.



1.2 A shift from efficiency to water productivity

Thewater productivity \WP) concept is developed in recognition of the constraints with traditional irrigation
efficiency indicators. The traditional indicators focus heavily on engineaspgcts of irrigation, which has a
bias towards infrastructure investments like canal lining. It does not capture water reuse in a system and
ability of irrigation systems to turn watsupply into food productiont tioes not reflect the competitiverdand

from outside the agriculture sector at a larger s€adgire 1.1 shows that irrigation efficiency in effect represents
only a small portion of hydrological processes in a farming systeigation efficiency is not addressing the
concepts of consuptive use from a viewpoint of total water resources availabteetely looks at water from
sources to the field Farmermareamore interpsped inthe résultp alirrigation @.9.
nutrition, income, jobs) rather than on howi@ént 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 |
unit of water consumed. This philosophy is now widely accepted and adoptediiettmational community,
including donor agencies.
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Figure 1.1The irrigation efficiency and water productivity indicators for irrigation systefine two
indicators are complementary while WP covers more advanced and broader components of irrigation
performance.

WP indicatorsare broader than irrigation efficiengydicators As shown above WP does not replace irrigation
efficiency. Rather ibringstwo major outcomes of irrigatiomater managemeintto one single expression: Crop
production, the purpesof farming andrrigation, and thevaterconsumedthe means to achieve the production.
In achieving higher WP, it is still important to look at field leeglplication efficiency and cross sector,
upstream/downstream allocative efficiency at catchrbasin level.

WP focuses on consumed water. Irrigation systems are highly modified, leading to complex water cyclir
processes, which is furthexacerbatedy management practices including irrigation and drainkgenote
sensing(RS) based WP assessmdatus on actual evapotranspiration @T the water actually consumed.
Further, the E&is divided into crop transpiration, a beneficial consumption, and evaporation from soil/water
and canopy interception, a nbeneficial consumption from production pbof view (Figure 1.2)



=
L
-

|
Environmental I
flow I transpiration
|

Beneficial

|
|
|
|
|
change |
e |
rrigation :
losses | |
| Interception
Downstream I X I
evaporation
releases I
IWater I
C Drainage > pollution I
| Soil/water I
I evaporation |

Non-consumptive Consumptive

Non-beneficial

Figure 1.2Remote sensing based WP approach focuses on the beneficial dnehedicialconsumptive use
of water.

WP also promotes more integrated approach to wabanagement. Water productivityas originally an
agronomy tem to measure plant water use efficiency. It was revised and given a new definition to represent tt
ability of a system to covert water consumed into goods and services (Molden, 1997). WP is a significant st
forward in linking water management with bdaa policy goals such asater securityfood security, and
economic development. Kilograms of fresh food can be converted into gross returns ($), employment (job:
nutrition (calories). Reducing the consumptive use enables more water to remain indical ®ygtem for
allocation to other sources. WP benchmark link water managers with development tanggst aettinvestment
strategies.

Although improving crop water productivity can indeed contribute to the solution to combat the water and foc
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

savings with a lower amounts of agaliwater, fewer irrigation turns, or a higherfarm irrigation efficiency,

and are not considering the consumptive use of irrigation water and the production that is associated with th

Various strategic programs ranging from United Nations to NatiDeglartments assume that crop water
productivity can be improved. This is recently confirmed by scientists from FACGH&ithat showed a skewed
behaviour of crop water productivity toves the lower side (see Figurelll This simply means that for many
cereal fields, it is feasible to improve water productivity from a bedeerage value to a mean value.
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Figure 1.3 Frequency distribution of the Global Water Productivity Score (GWPS) reflecting wheat, rice and
maize crops at the global scale. This grajoluld be created due to climate and crop normalization. A GWPS
of 1 is poor and of 10 is excellgf@astiaanssen and Steduto, 2016)
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1.3Irrigation water management inindonesia

Irrigation is an important sector for food security and rural development inds@oimdonesia is the'3

largest rice producer in the wondth an(FAQO, 2014) Despite this large amount of production, the demand

of the crop is growing faster than the increase of produclioa.Ministry of Agriculture estimated the

country needs ather 2 million ha of irrigated rice in order to maintain food-selfficiency (Ministry of
Agriculture, 2013)The I ndonesi an government, in recognitio
irrigation sector, is working towards more efficient managdraad use of water by devoting major

investments into development, rehabilitation, and modernization of its irrigation syBiemiscing more rice

with the same amount of water, or better, even more rice with less water, is therefore an importattegoal of

government.

Indonesian irrigation sector has many challenges unique to a tropical and populous country. Its 6.3 million he
of irrigated lands receives an annual average precipitation of 2000 to 35@&tranydinarilymore than most
other countriesYet droughts andreaspecific water shortage, either due to inadequate infrastructure or poor
management, is frequently experienced in many parts ofthecoirirp ut 6 0% of t he cou
system is more than 500 ha (Vermilllion et al., 20HBwever,land holding size in Java, where about 60% of
the countryo6s popul at i oThe averageeyield df rice i® 45l ton/ha) whigh tdgethero n
with a low degree of diversification, hinder economic growth and rural development.

Table 2.2Rice areas and production in Indonesia (source: BPS 2010)

Rice cultivation by Area Rice production
types ha % ha %

Surface water 7230 76 56441 84.5
Groundwater 489 5 2251 3.4
Tidal lowland 172 2 788 1.2
Lowland 92 1 675 1.0
Other 1474 16 6648 10.0
Total paddy Area 9457 100 66810 100%




The performance of the countryos irrigation syst
where water allocation inequality is high, resultindpigher differences igields,sees more povr (Hussain

et al., 2006)Among solutions proposed, System of Rice Intensification (SRI), was recommended to be a
promising approach (Sato et al., 20Mile the public irrigation schemes are managed by public entities, the
government envisages that ssthaller schemes be managed by famers or Water User Associdbaveer, a
study suggested that the Irrigation Management Transfer (IMT) received mixed results in terms of costs to
farmers, service provision, and agricultural productivity (Madar, 2001)

1.4The collaboration betweenHE Delft, ADB and Ministry of Public Works and Housing
(PU) on building up capacity in water productivity for better investment

The Sustainabl®evelopment Goals (SDGiclude goal6.4 to describe efficient use of water in agtiare.

The implication of this, is that countries now have to report on ¥Birit marks a significant shift ilVP from

a research tool (Kijne et al., eds 20@8a monitoring indicator for policy making and operational management
The term and conceplreadyreceived attention from international development agencies such as FAO (2003)
World Water Assessment Programme (2009), USAID (2009), World Bank (2010), and regional developme
cooperation such as CAADP (2009). The wide uptake of WP marks arghiftéchnically focused investment

in irrigation and agricultural water management to outcome oriented decision making.

The Asian Development BanlkDB) results based lendingn agricultural water management should lead to
increased productioand more suainable water us&Vhile most projects are currently targeting on improving
land productivity (kg/ha), this will be complemented WEhVP (kg/n¥) improvement requirements, in new
projects and lending during 2016 and beyond. It is rather uncheawever- what the current status of water
productivity is, both at the start and at the end of ABBted projects. There is a large gap in the understanding
of the concept oEWPat various levels, and how to measure and implement it. A capacity buildingmrfogra
stakeholders is necessalPplicy makers, irrigation engineers, agronomists and practitioners should be reachec
This cannot be accomplished with a short term projpeidta start needs to be made with introducing the concepts
and make some local djaosis of good and poor performing farms.

To make the startHE is working with ADB to raise awareness, build capacity, and test frontie®\d? with
irrigation and water manageirsfive Asia countries (Vietnam, Indonesti Lanka, India, and PakistaThe
project wil establish a performance béise for irrigation systems which can be used to measure the benefits
of ADB investmentsThe implementation of the project will be carried out closely with national partners to raise
the awareness of usif@WP to benchmark agricultural water management, hence improving the planning,
design, and management of irrigation systems.

The overallobjective of thispilot and capacity building project is teelp improve planning processes of the
ADB investments in wir security and irrigation systems, amthance capacity tountrieson the concepts of
CWP. The recipient organizationgereexplained on the difference between water productivity and irrigation
efficiency. Theywereoffered a training course for teclkal staff to gain handsn experiences in using satellite
images to assess irrigation water consumption, crop yieldsC@fe They also leatrhow todiagno good

and poor performing fields, as well dstermining improvement potential through scenanalysis A CWP
diagnosis of selected irrigation projects in these courngig®videdin this reporto the local organizatiorts
demonstrate the technology, and provide inputs to ADBaing irrigation investment projects. Information on
fields familiar to local partnerwill increase their understanding on how to operationalise conce@gVef
under practical conditions in Asian developing countries

The project is expected to contribute to ADB agenda on water security which is heavily underlined wit
irrigation water wuse in many Asian countri es. i N
efficient way of developing and managing the biggest water ugaigation, and potentially, exploring
possibility of building WP as diagnostiool and monitoring indicator into ADB and country investment and
management plans (figuley).
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Figure 1.4 The role of Water productivity in irrigation systems, the single biggest water user, to support ADB
initi atives for Asian water security. (Soer ADB, 2016)

The project was implemented with closellaboration with the Ministry of Public Works and Housifide

scope and siteof the projectin Indonesiavas agreed through consultatiormeeting with PU in April 2016.

Rice, a dominant crop in lotesia, was set as the main crops while three sites, Rentang irrigation system i
West Java, Bali, and Lombok, were chosen for pilot study. Agreement was also made to work with local partne
to broaden the cooperation. This was later expanded to indlud@ster students from the Delft University of
Technology who, under the supervision of researchers from IHE Delft, conducted a six week field work
together with two researchers from Bogor Agricultural University.

1.5pySEBAL training workshop

A training wakshop wasrganizedas part of the capacity building of the projédie objective of the training
workshop is to introduce the concept and frontiers of crop WP (CWP) for applications in irrigation investmer
and management, and to build uphiouse capaty usingRSand model tool fySEBAL) for assessing CWP.
Specifically:

1 What is CWP?
1 How to use SEBAL andatellitedata to assess CWP?
1 How to usehe resultso improve irrigation planning, design, and management.

Theworkshop was organized withe Directorate of Irrigation, PU at the Hotel 101 in Jakarta from 24 Oct

2017 The 4day workshop was divided into two parts: the first half day was devoted to introduction of the
concept, methodology, followed with results presentation and discusgibithy, was targeted at high level
officials; the second part for the remaining three days and half, was focused on training for technical staff. Abc
50 participants from various departments, research and educational institutions participated the open
workshop, and 35 of those, all of which technical staff, stayed on for-tfey 4raining. The number of
participants was the biggest across all countries, and it was possible to accommodate them thanks to the
Delft students who have learned the proesgsior to the training and that they could help with some of the
lecture and handsn exercises.

The tailor-madetraining course includes introductions to genemairoduction to RS, RS dataand the
applicationsfor agriculture and water managemenhe training then focused on hande exercises with
pySEBAL model. Data for the West Java Rentang irrigation scheme was provided for exercises, based on whi
the participants were able to reproduce water productivity and associated maps at the endaifirthe t
workshop. They were also taken through the results to learn how to interpret the maps, and conduct analysi
extract information useful for planning and management.



2. Overview of the methods

IHE Delft has developed a method for CWP assessmentigation systemsThe methodology, centered on

the tool pySEBAL, uses satellite images and weather data to map agricultural water consumption (actt
evapotranspiration), crop yields, and crop water productivity. pySEBAL is the latest developmenteif-the
known SEBAL modelan ETa algorithm (SEBAL stands f8urface Energy Balance Algorithm for Lant is

based on Python, an open source language, and built in crop growth simulation model and CWP alerithm.
remote sensing based approach revoligemmow 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 1
results, especially crop yields, and to help understand the results fromanaygsis. Field survey is therefore
needed to collect crop type and crop yields. Information on infrastructure, soil, management practices, seeds
fertilizers etc. will also help understand the variability of performance, and develop appropriate
recommadations.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).
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Figure 2.1 Thenethodological framework of CWP assessménthis case two parallel processes, one using
Landsat images, another using PrM#RIIRS images were used to calculate C\88paratelyThe results are
then integrated to capture daily dynamics
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The current version opySEBAL automates most of the imageopessing processeBhe pySEBALversion
3.6.7incorporates several new developments towards improving accessibility by users. These include op
source, open data, and automated processingarious options of input datavhich represents several
breakthoughs fompublic usesPySEBAL, however, does require a crop type map to estimate crop specific yields
and water productivity.

2.1 Open source automated approach

Python isan open sourgerograming languageidely used by research community and industRggion based
modek aretransparent and users can exanmodify eachand everycommand or module to their needs and
specific contexts-or simplicitythe pySEBAL is designed in a way thattak inputs are organized in a separate
Excel file where users fiin image information and weather data, and have the opportunity to change few
parametersuch as soil properties and crop height.

Automated processingpresentsne of the major technological advance of the new m&g8EBAL can now
automatically proess images from raw data to a range of outputs, avoiding previous manual hot and cold pix
selectionprocesses, therefore redua@goerience related uncertaintidghe automated version involves no
manual image preparation or processing, which can greadiyceprocessingime for multiyear seasonal
analysis which ofteninvolves large amount of image3he model is accessible through a GitHub:
https://github.com/wateraccounting/SEBAL

Figure2. 2 Screenshot of the Spyder2 (a version of Python) software as platform for implementation of
pPySEBAL

2.20pen access data

Open data approach is another underlyinggiple of the newpySEBAL model.Currently,data supported
includeLandst 5, 7 and 8 imaggfrom 1984to date), ProbaV and VIIRS (from 2013 to date) and MODIS
(from 2002 to date)n addition, the model can also take separate image inputs sitibVdsAlbedo, SAVI

and land surface temperature, meaning users can process from other any poagibleourced he spectral
definitions and additional information provided varfiesn Landsab 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
a dual hermal systemJsers can use either of the bands or both. The defaaluseboth thermal bands
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https://github.com/wateraccounting/SEBAL

There are also images from several other public domain satellite sensors not included in current version
SEBAL. Examples include Sentinel from Europe@ac® Agency (ESA)and many other sensors with multiple
spectral bandsAlthough many lack thermal bands required for land surface energy balemagesi of these
satellite sensors are useful for water productivity assessment at irrigation schemeshivantdaountry level.
PYSEBAL development will continue to expand support to more data sources.

2.3 Crop type mapping for crop specific assessment

PySEBAL pracessegshe surface energy balance and plant growth at landscape étvela grid of 30 m
indepenént of crop type information. All c3 crops namely show the same response to solar radiation ar
environmental conditions. The B&nd biomass productiaf individual cropscan be made without any a priori
information on the type of crop and type of séilcrop map ishowever required for makingrop specific
productionanalysissuch as for (i) crop yield and (ii) water productivitye storage organs that will be harvested
are a fraction of the total biomass production, and this fraction (i.e. hardeg} is thus crop dependent.

The method used for the crop classification is Google Earth ER@BEE). The GEE is an integration of

cloud computation, cloud storage, supported with a vast image database including all of Landsat images, all
which is free of cost currentlyThere is no need to download, fmecess image data such as is needed in
traditional approachrhe processing are all implemented on Google© servers which also means there is no
need for a higher end user computer to perform the.tasks

The classification of the rice paddy is performed using Landsaa@es This data is available approximately
every 16 days for areas in Indonesia. The data from L8 is filtered on the period of classification and the stud
area using GEE to reduce aalkttion times. The resolution of the L8 data is 30m x 30m per pixel. From the L8
data all bands are used except for B10 and B11. This choice has been made as these bands do not yield bi
enough differences between land use classes to be able to malgifigatian based on these bands. The L8
images are masked, removing any pixels with a cloud cover above the threshold of 40%.

The next step in the classification process is to create a training map. This training map is used to feed into 1
algorithm whch will determine the classification. In the study area the most important landscape classes are
identified, in this case: rice paddies, urban areas, water bodies, forest areas, agricultural areas (all except fo
rice paddies) and shrimp ponds. These elasan differ per study area. Using GEE, some classes can be
identified using visual inspection of the L8 images, for example water bodies and urban areas. For some
classes ground truth data is gathered in order to create the training image. In GHfgthes@oe 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.

In GEE the training image issed to create a classification map by using the Classification and Regression Tree
(CART) algorithm (Classification and Regression Trees, Stone et al.,. Td84)will train the classification
using the data from the training map and the L8 data aatecaew raster map where all pixels will be assigned

a class.

2.4HANTS algorithm for cloud removal and reconstruction of daily time series

Time series data helps continuously monitor crop and water conditions, detect periodical stresses, and be
estimateseasonal total water consumption and production. Satellites like Landsat series have a revisit period
16 days, which provide reasonable temporal coverages to cover key crop growth stages. However, clouds cc
significantly reduce the availability ofear sky images and affect the data continuity. The influence is stronger
in tropical areas and in rainy seasons, which typically are the main crop growing seasons. An algorithm, call
HANTS - Harmonic ANlysis of Time Series (Menenti et al., 1998rhoefet al. 199§, was therefore adopted

and developed to fill up the pixels with cloud contamination and further, to reconstruct time series at dalil
intervals.

The HANTS agjorithm is based on Fourier transformation of input variables. A Fourier transfonmati
decomposes a time series into severalrhponents (called harmonics) which can then be used to recreate
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the original curves. Outliners, as identified by a set of input parameters, are removed during the transformat
procesgfigure 2.3.

VIIRS_2016 TEMP_HANTS_1_002.nc

320

315

310 1

305 1

300 1

295 4

290 T T T T T T T
2016-01 201e-03 201e-05 201e-07 201e-09 2016-11 2017-01

Figure 23 HANTS reconstruction of daily time series VIIRS surface temperature data

HANTS algorithm was coded python and applied to PROBYA and VIIRS images for the Vietnam sites. Both
PROBAV and VIIRS images have daily repeat. The PROGBAOO metettop of campy reflectance was used

to calculate NDVI, SAVIand ALBEDO. The VIIRS single thermal band SVI05 (375 meter) was used to estimat
the land surface temperature. Figur¢ iustrates a test using VIIRS 201% data. The left image shows the
original inputwith presence of clouds. The right image shows the HANTS reconstructed images of the san
date after the clouds are removed. Overall the algorithm is capable of removing clouds with good spat
variability, and extrapolate to daily time steps. The qualitywever tends to reduce if the-data gap prolongs.

13



Figure 2.4 VIIRS land surface temperature (before and after) using HANTS algorithm

2.5 Smart phone based field survey

Ground truth survey was conducted using smartphone application. A GT survey ferdevedoped digital
forms and built into an Android smart phone application ODK Collect. ODK Collect takes advantages of th
GPS, camera, and internet connection capability of smart phones. It can record the coordinates, text descript
multi-choice seletion, and multimedia such as pictures, voice recording and vieogypes of data collection
forms were designedhe normal mode which hagiestions on crop yield, growing seasaater management

and canal informatioetc to be answered by a farmerthe field; and a quick mode which allows for r&iop

quick tagging of crop type on the map. A detailed description of the GT survey methods and the ODK Colle
is attached in Anne3.
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3. Project areas and data collection

3.1Study area

Three sites were nominated by PU to include in the pilot study. These three sites were the Rentang irrigat
system in West Java, the islands of Bali and Lombok. These three sitesavered by two separate Landsat
image titles (figure 3.1Ymage 121/64 (path/row) leaves out a small area at the northern tip of river mouth in

West Java and image 123/63 leaves the western part of the Bali island out. However it was consider accept
in both cases.
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Figure 3.1 The three project sites, covered with two Landsat image tiles, in Indonesia

The Rentang irrigation scheme is situated in the alluvial plain of the Cimanuk River and some other small rive
It is mostly covered by clay to loaswils, but also fine sand to loam soils occur. The slope varies between 1/300C
to 1/5000, flattening towards the sea. At the coast salt intrusion into groundwater occurs and therefor it can
be used for domestic use. The total area of gregdhg irrigéion scheme is 12811 ha, of which approximately
70% is paddy field. Most of the farmers choose for the cultivation of one paddy in the rainy season, one pac
in the dry season and finally a third fallgeriod or other crop. A highcale modernizatioproject of the
Rentang irrigation scheme, part of the Participatory Irrigation Rehabilitation and Improvement Managemel
Project (PIRIMP) which started in 2011, strives to upgrade the water availability in the whole region so evel
farmer can cultivate tlee cycles, paddy or other crop, per year in the year 2020. The most common seconda
crops are respectively green bean, cassava, soy bean and maize. Around 2.2 million people live in the Rent
irrigation scheme and more than 50% work in the agriculseetor (Nippon Koei Co., 2011Jhe climate in

the Rentang irrigation scheme is characterized by two seasons, one rainy season from October to April, wk
90 percent of the annual precipitation occurs, and one dry season from May to September. Aveedge anr
rainfall is about 1900 mm, spatially varying from 1500 mm in the coastal region to 2500 mm in the hills. Averag
temperature is quite constant through the whole year and ranges from 26 to 28 oC (Nippon Koei Co., 2011).

The irrigation scheme isontrolled by two organizations, namely the BBWS and the Balai PSDA CC. The
BBWS is responsible for the operation and maintenance of the Rentang dam and the primary canals. The B
PSDA CC performs routine works of operation and maintenance on secondary odrsate@ures. Data about
agricultural production is registered at the agricultural offices in Indramayu and CirElwerocal rural
neighbourhoods are organized in peasant groupsalled Kelompok Tani, whose membership is based on the
location of thei farmland. Each Kelempok Tani represents about eighty farm household and are led by a pers
called the Ketua Kelompok Tani. Adjacent Kelembok Tani unite tnadled Gabungan Kelembok Tani, or
Gabpoktan (Pradoto, 201An irrigation modernization projécs currently planned for the scheme which aims

to look at both infrastructure, management and extension services.
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Bali is a famous tourist destination dotted by small scale agriculture along its slopean\afiga of 5,632 kin

the island has agastwest orientated chain of volcanic mountaseparating narrow coastal plain to the north,
from a broad gently sloping, fertile, plain to the south. It has a warm, humid climate with two seasons: the w
season from October to March and the dry seasan &pril to September (Cole et al. 2015). The mountain
range in the middle of the island divides the island into lowlands, ranging from zero to 500 meters, covering 5€
of the island, and highlands. Besides elevation, these zones also differ in theie areragl rainfall. Yearly
rainfall in the southern lowlands ranges between 1500 and 2300 mm and is on average less than 900 mm ir
northern highlands (Widjana & Sutisna, 2000). The rainy season in Bali is relatively short compared to oth
Indonesian ignds, so droughts are a potential danger, especially in the northern and eastern highlands (Taka
et al., 2007).

Together with East Java, Bali produces 22 % of the rice produced in Indonesia (Naylor et al. 2007). 43% of t
employmentinBaliisbasedi t he agricul tural sector, but agri ci
Tourism on the other hand accounts for almost 9.3% of the GDP and 8.4% of the employment (WTTC, 201!
Tourism is a large factor in the Balinese deyday life and hasrgwn heavily in the last thirty years. Bali profits
from this tourism. However, it is estimated that 85% of the tourism economy is in the handsBaflinese
(MacRae, 2005). Thesen@hal i nes may not be directl y alidingtlcet e d
declining quality and quantity of water. It is estimated that tourism accounts for 65% of water consumptio
(Cole et al. 2015).

Bali is a single Indonesian Province and is split into nine districts (kabupaten), each with a regent (bupati),
area head. At the local level Bali is divided into hamlets (banjars). Only Balinese people are allowed to joi
these Banjars. The head of a Banjar is democratically elected and decisions are made democratically, but
by male heads of households (Coleadt . 2015) . Banjar is the fAmost i
soci al organizationo (Lorenzen, 2005) . It can be
the same responsibility towar dfdbanjathcen legdtoguoppdexclusion.o |
Another organizational structure is the Subak. A Subak is an organization around a water source whi
di stributes the water among its members. The wat
soci-religious organisations responsible for irrigation management and religious activities within a define
geographical areado (Lorenzen 2005). Though the &
of the same banjar are often also membéthedsame Subak. Awigwig is a set of laws which are part of the
Subak and contain the rights and duties of the m
regulations concerning land and water use, legal transactions of lagfeitrand collective religiousicee mo n i e
(Lorenzen, 2006

Lombok is another island of simiar size and adjacent to Bali. The Lombok sthbetvileen the two islands,
however, marks a biogeographical division. The Lomlstand especially to theouthandeast is dry with high
waterstress.

3.2Crop

Thepilot study focuses on the paddy rice crop, the dominant crop and the most water intensive in the count
Two seasons can roughly be distinguished in Indonesia, which are the Dry Season (DS) and #asdiiet S
(WS), from Aprili September, and OctobérMarch respectively. During the WS in particular, rainfall is a
significant part of the water source in rice paddies. Rainfed lowland rice field systems are characterized
alternating aerobic and anaerobdil, with rainfall as only water source. However, in rainfed environments in
combination with irrigation water sources, this is not the case. The combination of both assures continuo
shallow flooding (anaerobic conditions) of the rice field throughlo&ientire growth stage.

Before rice seeds are planted, field preparation is necessary. In clay soils, which are prominent in Indonesia,
preparation is most appropriate. The duration of field preparation and amount of water used depends on fi
conditons. In general, field preparation take$ 8 weeks. However, this can vary up to 2 months when, for
example, cracks are prominent in the soil caused by drought.
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A rice cycle has different growing stages: the Vegetative Phase, Reproductive PhaseRipdnihg Phase
(Figure 3.). Rice is transplanted (in few cases directly seeded) in puddle soil. After transplanting the field i
flooded either continuously or in intermitted stages throughout the three phasestain anaerobic conditions
(IRRI, 2017). The water depth is increased with biomass growth, ranging from 3 to 10 cm. Assuring that tt
field is cont of the field maximizes the best conditions for optimum yield growth, not only because rice is ver
sensiive to water shortages, also because weeds are in this way better controlled. To maintain a shallow flooc
field, irrigated rice fields are levelled and embanked. Up until 7 days till 3 weeks before harvesting the field
drained.

TRANSPLANTED RICE
Growth Duration

<= FIELD —><«— NURSERY FIELD

Vegetative Phase Reproductive Phase Ripening Phase

B

Fallow Sowing and early vegetative phase Mid to late vegetative phase Early reproductive phase Mid to late Ripening phaseffiling stage Ready for harvest After harvest
to land preparation/ (germination to seeding SWSN (tillering to stem elongation) (panicle initiation to booting) reproductive phase (milky and doughy stage) (mature grain stage) (seedistorage stage)

before transplanting (heading to flowering)

1 1 1 1 1

1 1 T 1 1
Short duration 35 - 55 days 35 days 30 days =100 - 120 days
Medium duration 55 - 75 days =120 - 140 days
Long duration 75 - 95 days =140 - 160 days

Figure3.2 Growing stages of a rice cycle (Source: IRRI, 2017)
Depending on rice type, the duration of a rice cycle (vegetative phgsening phase) varies from 100160
days. In general, the cycle of hybrid rice varieties is shorter in compaonidocal rice varieties. In addition,
hybrid rice has higher yield (approximately +20%) compared to local rice.

Rice is grown 1, 2, or 3 times in a year. This often depends on water availability and weather conditions (Pras
et al., 2017). Cultivang rice requires high amounts of water and labour compared to other crops. Therefore
when 1 or 2 rice cycles are grown, other crops are often grown in between. Examples are soy beans, corn
water melon. Other reasons for growing less than 3 cyclelivatimg pests, insects, and weeds (Riar et al.
2013), to enhance the fertility of the soil and finally, because of money restrictions.

This pilot study focuses on the dry season rice. All subsequent data collection and image processing is also b
on tis period. It was however discovered that the rice calendar shifted in West Java and the actual calen
spans from the months of June to October 2016.

3.3Data
Landsat 7 and Landsat 8

Landsat 7 and Landsat 8 imagery is one of the mostlyigeed images ithe field natural resources and
agriculture. Images of both sources have 30 meter resolution in multispectral bands while the thermal banc
60 meter for Landsat 7 and 100 meter for Landsat 8. They both have a 16 day repeat cycle. Together, they t
a repeat frequency of 8 days. Clouds however could affects some images. Landsat 7 imagesatezi@d by

an instrument failure that the scan line corrector no longer functions, leaving scan lines on both sides of imag
In pySEBAL the scan line areas,wasll as other areas affected by small patches of clouds, are filled up using a
linear interpolation algorithm.

The three project sites were coveredth two tiles of Landsat 7/8 images, nameigth/row of 121/65 for
Rentang and 116/65 for Bali and Lomb& (figure 31). Images from the period of June to October were
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downloaded from the USGEarthExploreidata centréhttps://earthexplorer.usgs.gpv/A total 13 images for
Rentang, 16 images for Bali and Lookwere downloaded.

PROBA-V and VIIRS

The main aspect of the PROBAsatellite is the vegetation sensor, which makes this satellite very useful for
this research project. The PROBA satellite has 4 bands; Blue, red, NIR and SWIR. The satellite is
programned to make images of only land and particular zones in terms that the sea is left out of the data. Tl
is due to the main purpose of the satellite, which is obtaining vegetation data. From the PROBAYV data NDV
SAVI and Albedo maps are made for this reskaThe NDVI, SAVI and Albedo will be run through a cloud
removal algorithm HANTS to obtain daily cloud free satellite data. This PRWBAtellite has a resolution of
100x100m which an overpass frequency of approximately one day. The satellite d=ely iadcessible.

VIIRS standsfor Visible Infrared Imaging Radiometer Suite. This satellite uses a whiskbroom scanning
radiometer NOAA guide). The whiskbroom scans sideways (ctossk) in aspect to the satellites direction,
provides 22 imaging and radi®tric bands including applications like sea surface temperature, aerosol anc
vegetation NOAA VIIRS). In this research, the land surface temperature data of this satellite is used with th
application of HANTS. This VIRRS satellite also has a resolutfatD6x100m with an overpass frequency of
approximately one day, the satellite data is freely accessible.

Weather data

Dail weather data frorfour meteorologicaktations were collected for tseudyperiod. Three of theweather
stations ar@ear the Rentayirrigation scheme and one other from the Bali Isl3in data includes temperature
(Min, Max, and Average), relatively humidity, wind speed and sunshine hours.

Ground truth

Two field surveys were carried out July 2016, and then again Augbdstober2017. The field trips identified

main crop types, water use information, and crop yield and crop management practices. Secondary informat
on water users associations, water quality, seeds, etc, is also collected. Annex 1 provides more details into
ground truth points.

4. The Rentang irrigation scheme, West java

During the analysis of pySEBAL outputs it became clear that paddy rice could have quite different start c
growing seasons and harvest tineyen in the same irrigation systeirhis is determing based on the
development of vegetation measured using biomass production. While it is normal to see variations in the ct
calendar, the changes in Rentang are so big that it actually moved beyond the time window provided by PU fr
April T August to Jua i October. The exact start and end dates, and therefore study period, is therefor
determined based on biomass map analysis.

Therice growingperiodwas determined tdefrom the 18" June to 18 October A gradual transition of delay
from the main caals to the coast area is observed. But it was decided that an arbitrary selection for above
dates was representative enough to cover the field preparation to harvest.

4.1Crop area

Rentang is a large public irrigation system with relatively well defined commaaas which is dominated with
paddy rice Paddy rice was mapped @oogle Earth Engine (GEEising Landsat 8 images witgtound truth
(GT) points and Google Earth high resolution zeim® as training example3he classification map for rice
paddieson Bali can be seen in Figure 4.1
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Figure 4.1Paddy rice areas in the Rentang irrigation scheme

4.2 Water consumption (ETa)

Theactualevapotranspiration (E&) map of Java is provided in Figure 4.2 and the corresponding histogram in
Figure 2.2. The Edrangesfom 38 to 685 mm and the average is 473 mm with a standard deviation of 85 mm
The ETamap shows that near the coast the ET is higher than further iflaadhistogranffigure 4.3)shows

the number of pixels (Y axis) with different ETa values ranging ®dam700 mm (X axisla skewed trend with

the highest density of pixels falling in the range of 50840 mm, higher than the average. There are also
significant amount of pixels less than 400 mm, which means high stress for growing paddy rice.
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Evapotranspiration Java, 15 jun - 15 oct, 2016
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Figure4.3 Histogram of the Evapotranspiration (mm) for the Rice paddy pixels Java, 15.3@rct, 2016
The Pixel Value is biomass value and the Frequency is number of pixels.

The ETdefidt is the difference between ETa and potential ET. It measures the less of stress the crop in achiev
potential ET. ET deficit map is shovim

Figure. The ETdeficit ranges between 0 and 180 mm. The avera@j2 imm with a standard deviation of 15
mm. Overall the deficit is low, although pockets of high deficit areas can be found which requires attention.
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Evapotranspiration Deficit Java, 15 jun - 15 oct, 2016
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Figure4.4Map of theET deficit (mm) ofpaddy rice inJava, 15Jun150ct, 2016

The transpiration of #rice plants is the beneficial evaporation which is used for the plant to grow. The map o
the Transpiration can be foundfigure 4.5.The transpiration varies between 0 and 392 mm. The average is
173 mm with a standard deviation of 73 mm.

Transpiration Java, 15 jun - 15 oct, 2016
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Figure4.5Map of the Transpiration (mm) of Java, 15JutbOct, 2016
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The beneficial consumptiofBC) is the percentage of the water thatdsnsumed by crops through
photosynthesis procefisanspirationjo overall field water consumption through ETaneasureghe efficiency

of on farm water and agronomic practices in converting water for the intended purpose: cropTgrevalap

of the BC can be found iiigure 46. The BC varies between 0 and 90%. The average is 36&w@vgtandard
deviation of 13%The ratio is rather low because paddy fields have long period of inundation. Open wate
evaporation, especially at earlier growing stages, is high.

The BC is high in the centre of the fieldwork area wheretbp yieldis high. It explained why the overall ETa
is similarly high in downstream areas, but crop yield is low. There was no constraint of water in these low yie
areas, but rather, other factors contributed to crop stress, and its ability in photosynthesis foocgssas.

Benificial Consumption Java, 15 jun - 15 oct, 2016
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Figure4.6 Map of Beneficial consumption (%) of Java, 15JutbOct, 2016
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4.3Crop yield

Thebiomasanap ofrice is first mappedrigure4.7 shows paddy rice biomassnges between 0 and 16 ton/ha.
The average is 7.4 ton/ha with a standardad®n of 2.5 ton/ha. The highest BP values are detdntéue
centre of the study area. Low biomass areas are observed in areas closer to the ocean, and in more upst
areas closer to the main canals.

Biomass Production Java, 15 jun - 15 oct, 2016
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Figure 47 Map of paddy riceBiomass Productiofton/ha)and histogram distributiofor Java, 19uni 15
Oct, 2016

The yield is determined by multiplying the biomass map with the apparent harvest index. The apparent harv
index, determined from field survey of yields divided by the total dry biomeshiction, is equal to 0.48 for
Rentang irrigation scheme. The GT data and harvest index calculation can be found in annex 4. The result
yield map for Java can be found in figur&.4The yield varies between 0 and 7.6 ton/ha. The average is 3.6
ton/ha with a standard deviation of 1.2 ton/ha.

3
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4.4\Water productivity

Water productivity maps of mango and rice were producied) tise yield maps divided by ElImaps, after the
units were conuged. The WP ranges from 0 to 1.6 kg/rithe average is 0.76 kgimwith a standard deviation
of 0.24 kg/m. The histograndistribution of CWP map is similar to that of biomass.

The CWP map shows combined effects of yield and water consumption. In higlidaBaCWP mostly follow
the trend of crop yield. The low yield areas close to the coast also have no CWP values. In areas where ET
low, however, some have low CWP due to very low yield, and some other areas have high CWP values.
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Water Productivity Java, 15 jun - 15 oct, 2016
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Figure 410 Histogram distribution of rice water productivity map

4.5 Factors affecting water consumption, yield and water productivity

To understand the spatial tibution of the results from SEBAL, information from the ground is compared to
the SEBAL maps. For the scope of this study, fieldwork was only conducted in Bali and Java. For these tv
sites different information was available. Therefor not all topicglwvhre discussed in the Bali analysis will be
discussed in the Java analysis and vice versa. The locations at which interviews with Subak leaders, Kelom
Tani leaders, and farmers were conducted, are shoamiex 3

The results ofCWP assessment arengpared with the following factor$tood zones, distance to canals, soil
type,and distancéo salt bodiesThefindingsof the comparisons explained in the following section.
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45.1 Floods

In the Rentang irrigation scheme, several regions cope with yeartisf(dlippon Koei Co., 2011). It is specified

as flood when the region is inundated for more than 3 days and the water level is higher than 30lood The f
zones are shown in Figureld. Per flood zone, the zonal average biomass production, evapotraosrat
water productivity are calculated. Next to that, buffers of 2km and 5km are created and the same statistics
calculated for these buffers. The relative difference between the original flood zone valuesemduegs are

shown in Figure 42.

Floodzones and Water Productivity, 15 jun - 15 oct, Java
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The relative differencesf the evapotranspiration values are smaller than 10% in all the flood zones, compare
to the 2km as well as the 5km buffer. The relative difference of the biomass and water productivity values &
significantly higher than the differences in evapotransipimaespecially in zone 2, 13, 14, 15, 16, 17 and 18.

Finally, zones 2, 13, 14, 16 and 18 show a pattern of a relatively higher ET and relatively low biomass producti
and water productivity within the flood zones. The statistics of these flood zahesmmesponding buffers are
shown in Tablel.1. Zone 2 and 13 have a 65% lower Biomass Production and a 76% lower Water Productivit
compared to the surrounding 5 km buffers.

Table4.1: Relative difference between average Biomass Production (BM) and Wrathkrctivity (WP) per
flood zone, compared to the average of a-2lend 5kmbuffer

Flood Zone 2 km Buffer 5 km Buffer
BM mean WP mean)BM mean BM difference[%] WP meanWP difference [%]BM mean BM difference[%]WP meanWP difference [%
2 441349 0.39 6787.82 -54% 0.63 -619 7342.45 -66% 0.69 -769
13 2587.60 0.21 3488.42 -35% 0.29 -39 4795.43 -85% 0.41 -959
14 4477.12 0.37 4871.19 -9% 0.42 -149 4966.07 -11% 0.44 -179
14 6420.58 0.5 6954.54 -8% 0.62 -109 6741.87 -5% 0.61 -9%
18 7916.17 0.71 8749.66 -11% 0.81 -139 8903.31. -12% 0.83 -169

4.5.2 Distance to canal

The CWP of rice is also found to correlate with the distance to cdtgselationship between the distance to
the canals and the WP, ETa, and yislghown on Figure 43. This analysis is performed using buffers of
500m, 1km, 2.5km, and 5km, around the primary canals, the secondary canals and the main river. Then, zc
statistics is used on each buffer to obtain the statistics for the WP, ET &hdi'jie WP seems to be linearly
related to the distance to the canals and river. This relationship appears to be based mainly on the decrea
yield.
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Figure 413 The relationship between CWP, ETa, yield of aoel distance to canals
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4 5.3 Distance to sltwater bodies

In the Rentang irrigation schemes salt intrusion is a problem at the coastal areas, influencing ground wa
(Nippon Koei Co., 2011). Next to the sea, salt farming performed in the northwest, as well as the East, cont:
high concentrationsf salt. These salt farms are identified by the crop classification and shown in Figure 78
Two zones are selected to analyse the relation between water productivity and the distance to these salt bo
sea, and salt farms. These two zones triggenugicon of salt intrusion because the water productivity appears
to be lower close to the salt bodies. The zones are chosen as large as possible and as far away from each
as possible in order to see if this comparison in valid for both regions.

Salt Body Analysis, Rentang Scheme, Java
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Figure 4.1 Salwaterbodies outline and Zones of interest for analysis.

Statistical analysis shows less obvious relation between CWP and saltwater bodies compared with that of im
overlay Figure 4.5 shows CWP plotted against distance to saltwater baulgsie with he weighted average

per 20 points is plotted in red. The results for both zones look similar in the first 2000 meteFalhrelatively
constant in both zones at approximately 600 mm until 2000 m in zone 1 and 2000 m in zone 2. Jrift@one 1
water productivity and biomass production increase with an increasing distance from the salt bodies until abt
1000 m. Zone two shows this pattern until approximately 500m. Within these distances the average wa
productivity approximately triplefom 0.2 kg/mi to 0.6 kg/nd, for both zones. After the peak average water
productivity of approximately 0.6 kgfat respectively 1000 and 500 m, both zones show a decreasing averag
water productivity pattern until 1500 m until approximately 0.4 Kg/iiter this point both zones lose their
similarity.
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Zone 2, maximum 2000 m
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Figure4.15 Water Productivity, Evapotranspiration and Biomass Production versus the distance
body, with a maximum 2000 m, in zone 1 and 2
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4.6 Potential for improvement and areas of priority interventions

A combined analysi®f ET, yield and WP provides a comprehensive pictur¢ghefresults and outputs of
irrigation managementt is a vehiclefor diagnosingnanagemengaps anddentifies directly théocal potential

for gaining more benefits (food, income, nutrition) from water resouifidespractical interpretation of image
analysis requires extensive field knowledge, and understandingabfrater practices that cannot be seen on
an imageThe specific intervention analydisr solving problems in irrigation management can be achieved by
combining the images produced with field visits to discuss the observations with local stakehottetgp&u

of activity is beyond the scope of current assessment. However, an analysis Renthagrrigation system

is illustratedto demonstrate how planning and management agencies best can embrace these technologies

Yield T often referred to as lanmoductivityi and water productivity should both score high in an ideal situation.
Figure 416 shows yield and WP of rice 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 litteeabottom, ad a curdénear line on top. The bottom

line is defined by the potential ET that is controlled by atmospheric conditions. The upper line is defined k
local water management practices, includingfamm. This graph demonstrates vertical wittimers who
produces the same yield but with low and high WP. This shows that a lower ET is not necessarily bad. In t
verticals, farmers should move up from the bottom to the top. The horizontal show that a large group of fame
are scoring high in Whut their yield is low, and hence their income and perhaps even own staples. A yield o
2 ton/ha is very low, and they should target more on 3 to 6 ton/ha. In the case of the latter, assistance fr
agronomic extension officers is needébbt all farms hag the same potential due to soil, water, and other
limitations. It is therefore often not possible to push all the farms towlaedspright corner of figure 46.

Water productivity versus Yield plot for Java
25

-
n

Water productivity (kg/m3)
-

&
<
=
=
=
W
&
S
=
[
=
z

05

Paddy rice Yield (ton/ha)

Figure 4.5 the Relationship between CWP and yield of rice in Rentang scheme, 135@tt 2016.

Priority for interventions can be identified first even though the absolution potential is not known. Figure 4.
shows two different approaches to identifying priority areas for interventions. Due to resources and/or capac
constraint, it isoften difficult to spread resources to large area at one. However, one can choose from the are
shown on the figures below to decide either to focus on the below average areas, or even less areas (those &
1 standard deviation of the average).
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Above and Below average Water Productivity Java | Above and Below average Water Productivity Java

N

<5 ) ) A Legend 53 /| Legend

Figure 417 Tradeoffs in determining priority intervention areas. The left shows areas with CWP 1 standard
deviation below average, on average, and 1 SD above average. The right shows only two divisions: areas al
and below average.

5. The Bali Island

5.1Crop area

Bali is very different with the west Java in that the irrigation is much more dispersed along the mountainot
slope of the island. The irrigationainly depends on diversions from stream water flowing down the mountain.
Therefore no single large camadtwork exisits which is the case for fRRentangrrigation system. The irrigated

rice area was mapped using the same method in GEE and shown irbfigure

Rice classification Bali

Legend
Classification
771 Rice

) e €  y !
D RS
"‘-‘1—5} ' %

Figure5.1paddy rice area of Bali Island. Only part of the island was under the Landsag& cover.
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5.2Water consumption (ETa)

Thecrop season of the Bali Island is slightly different with that of West Java. Paddy rice was determined to stz
3 days earlier from 12 Jun to 15 Oct 2016. Efi@ais mapped anghown in Figuret.15 The ETaranges frm

207 mm to 1041 mm. The mean value for theaB¥ 506 mm with a standard deviation of 60 mm. As can be
seen in the histograr(Figure 5.2). The majority of the pixels values are between 400 and 600 mm of

evapotranspiration for the entire period. Mosthaf pixels with the higher ET are found in the southwest part
of the map near the ocean.

Evapotranspiration Bali, 12 jun - 15 oct, 2016
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Figure5.2 The map of rice ETa for the period 12 Jun to 15 Oct 2016 in Bali
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Figure 5.3Histogramdistributionof ETa(mm) for the Rice paddy pixels
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The ET deficitcan be found in Figurg.4. The Evapotranspiration deficit ranges between 0 and 130 mm. The
average is 17 mm and the standard deviation is 17 mm. normally for irrigated ricede&dif a rice period
is between 0 and 30 mm.

Evapotranspiration Deficit Bali, 12 jun - 15 oct, 2016

e AL R
Figure5.4 Map of theEvapotranspiration Deficit (mm) of Bali, 12Jutt50ct, 2016

The transpiration map can be foundfigure 5.5. The transpiration ranges from-50 mm. The average
transpiration is 230 mm with a standard deviation of 65 mm. The transpiration can ke usetpute the
beneficial consumption. The transpiration of the rice plants is the beneficial evaporation which is used for t
plant to grow. The transpiration map shows that in the southeast of Bali a higher evaporation rate by transpirat
This is the same area where there is a higher biomass.

Transpiration Bali, 12 jun - 15 oct, 2016 Benificial Consumption Bali, 12 jun - 15 oct, 2016

- -
o ¢

12Juri 150ct, 2016

ot —— "
X o !

Figur.5 Map of the Transpiratiotmm) and eneficiatonsmptior(%) of Bali,
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The beneficial consumptioralues vanbetween 0 and 82%. The average beneficial consumption is 45% with
a Sandard deviation of 12%.

5.3Crop yield

The Biomass production for the cells classified as Rice paddies ranges from 0 until 22.3 ton/ha. An area wit
relatively high BP can be found in the southeast of Bali (Fi§8e The mean BP value of the studyais

12.3 ton and a standard deigat is 2.7 tonFigure4.20shows the distribution of the BP for all the classified
rice paddy pixels. The histogram shows that the majority of the pixels have a BP between 5 and 18 ton/ha. T
results from the total BP &p over the period are used to determine the yield map.

Biomass Production Bali, 12 jun - 15 oct, 2016
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N Legend
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Figure5.6 Map of the Biomass Producti¢ton/ha)andhistogramdistributionfor Bali, 12Jun150ct, 2016

Theapparent harvest index for Bal equal to 0.45. An overview of the yield factor calculation is provided in
Annex 4 The resulting yield map is shown in Fig&&. The yield for the cells classified as rice varies between
0 and 9.8 ton/ha he mean is 5.6 ton/ha with a standard deviation of 1.0 ton/ha.
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Yield Bali, 12 jun - 15 oct, 2016

btk ’).‘rf; =
Figure 5.7Map of thericeyield (ton/ha) for Bali, 12Jun 15Cct, 2016

5.4Water productivity

The map of the WP for the selectedigy season is shown in Figuss. The WP ranges from 0 to9b kg/n?.

The mean is 1.1 kgfwith a standard deviation of 0.25 kginThe histogram of the map valusisows the
distribution of the WP for all the points classified as rice. It can be seen that the southwest of Bali shows
concentratedraa of low water productivity.

Water Productivity Bali, 12 jun - 15 oct, 2016
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Figure5.8 Map of the Water Productivity (kg/mand itsHistogramdistributionfor Bali, 12Jur+ 150ct, 2016
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5.5Factors affecting water consumption, yield and water produtivity

For Bali, the WP, ET and Yield map values are compared to the following factors: seascatchutents,
water quality, rainfall, erosion level, soil type, distance to the ocean, and pests. For pests, rainfall, and dista
to the sea, no clear réilan is found. Therefore, these sectiamty present the factors relations are found

5.5.1 Season

Individual farmers attend to the fields at different times and have slight different sdéigans5.9 shows the

WP (using point sampling) of the locations wh&ubak leaders were interviewed sorted on production season
which were indicated by the leaders. Each box represents one Subak. The blue boxes have the same seas
the WP map. The green boxes started 1 month earlier (June) and the orange boxestetdrimonths later
(Septembefctober). The orange boxes had another crop than ricedan@nths of the period on which the
WP map calculation is based. The grey box represents a Subak which has 2 different seasons at the same
and which can thusat be included in the analysis. The middle line is the average WP for the blue boxes. Th
orange boxes have a higher WP than the average of-#eagon boxes. The orange boxes have a lowar ET
than the irseason average Bl Additionally, the biomass d¢hese locations is higher than thesigason average
biomass.

Season versus WP Season versus ET
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Figure5.9 The CWP, ETa, yield of paddy rice with different growing seasons. The effect of cropping intensity
on CWP is also analysed (bottom right)

Cropping intensity in differeritecamaanalso has an effect on the WP (Figtr® bottom righ). The WP for
the Kecamatans where half the region has 2 seasons and the othersBateasonsis lower than for the
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Kecamatans where the majority has 2 seasons. The analysis has been péofoEfadnd yield too, but no
potential relationship has been detected.

5.5.2 Sub-catchment

In Bali farmers are organized around river streams anecaigdhment. ThaVP, ETa and vyield per sub
catchmentre therefore analyzeBigure5.9 shows the valuesortedon factor from high to low and grouped

per river type (ephemeral, intermittent, perennial). The average of the factor (\WRjd&id) per river type are
shown with a line. There seems to be a relationship between type of river and the WP. This isycaused b
decreasing ET and an increasing yield. Besides an analysis of the relationship between WP, ET, and yield ve
river type, an analysis of WP, ET, and yield versus catchment size has been conducted too. However, no patt
which may suggest any relatiship have been found.

38



WP per Sub-Catchment

1.6
Perennial

1.4 Intermittent

Ephemeral
1.2
o
E L
Bos
% 0.6
0.4
0.2
0
ET per Sub-Catchment
700
Ephemeral Intermittent Perennial
600
500
E 400
E
= 300
w
200
100
0
Yield per Sub-Catchment
7000 :
Ephemeral Intermittent Perennial
6000
© 5000
<
€ 4000
o
&
< 3000
o
S 2000
1000
0
& o N & o © L > D P IR A RIS > O D A
S o e W s I e S S
> & SN 6 O F & & L F ¥ o MM AR W X G N
o P S e ST TE S T P e S T
DSOS e IO F P GO
g < & & FFF I Q K Q

Sub-catchment

B mean —avg

Figure5.10CWP, ETa, and yield by sutatchments in Bali



5.5.3 Water quality

Water quality parameters throughout the rivers and river basins of Bali are measured by the Balai BBWS (Ba
Besar Wilayah Sungai). With this data a gbtmade of BOD (biological oxygen demand), COD (chemical
oxygen demand) and DO (dissolved oxygen) against Biomass production. The biomass values used are obta
by making a buffer of four kilometres around each water quality measurement station aladicglaumean
biomass value for each buffer from the Biomass maps from SEBAL (using zonal statistics in QGIS). The plo
shown in Figured.28 are the percentage of deviation from the average values of the measurement points.
shows that for a higher BO&nd COD the DO and the biomass is lower than the average.

Deviation of the average of the measurement points
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Figure5.11 Water quality parameters compared to biomass production

Thearea with high BOD and COD values, are in the low biomass area (the red areas) of Kuta and Denpasa
the south(Figure 5.12. These low values are measured in two rivers. The measurement station numbers wi
the river names can be found in Table 4 in the appendix. The two rivers are main rivers going through Kuta &
Denpasar, named ATk Bandungo and ATk Mati o.

Water Quality measurement stations Bali, 12 jun - 15 oct, 2016
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Figure5.12 Measurement stations selected yellow in area with high COD values
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5.5.4 Erosion

When comparing mean and median WP to erosion level of the area (using zonal statisticsp.(EByutere
seems to be a potential linear relationship. When analysing this furthigguihes suggest that the relationship
originates from the ETather than the yieldThe graphs suggest that the higher the erosion level is, the lower
the ET becomes.

Erosion Level versus WP
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Figure5.13The relation between CWIETa and yield wk Erosion levels

5.6 Potential for improvement and areas of priority interventions

Similarly to West Java, the WP is plotted versus the yield of the pixels identified as rice for Bali. The grap
clearly shows that all points fall in a shape that is defined loyear line at the bottom and a nonlinear line at
the top. This plot shows that there are farmers which are more water efficient with the same yield and thus h:
a higher WP. Additionally, there are farmers which are more productive, but also useaterd hey produce
more yield with the same WP. Furthermore, there are many farmers with a low yield and a low WP (the poir
close to (0, 0).
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Water productivity versus Yield plot for Bali
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Figure5.14 Water productivity versus Yield plot of Bali, 12Juft50ct, 2016

Ideally, every farmer would imipve both its yield and WP and move to the upper right corner of the plot.
However, this is not possible for all farmers due to numerous factors such as water availability, soil quality, a
social economic influences. Nevertheless, it is possible toifigeareas where targeted investments could
potentially make a difference. For example, a map can be created with rice pixels performing above and bel
average to obtain a quick aveew of the areas of interedt is also possible to identify the pixeisth a high

or low average WP (the average #/STD) as can be seenfigure 5.15Error! Reference source not found.

The same maps can be made for both yield an ET to obtain more detailed areas of interest.

Above and Below average Water Productivity Bali, 12 jun - 15 oct, 2016 Above and Below average Water Productivity Bali, 12 jun - 15 oct, 2016

Wk s, - = — VES s, - = —
Figure5.15Maps for tadeoffs in determining priority intervention areas. The left shows areas with CWP 1

standard deviation below average, on average, and 1 SD above average. The right shows only two divisior
areas above and below average.
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6. The Lombok Island

Dueto resources constraint no field validation visits were made for Lombok, an island close to the B
Island. However the CWP assessment was conducted with no factor analysis. Based on experier
learnt from West java and Bali, the results from CWP assegsmiebe useful for carrying out further
investigations in the area.

6.1Crop area

The rice area in Lombok was mapped together with Bali from the same Landsat 8Tihexie area is shown
in figure 6.1

Rice classification, 2016, Lombok

Figure6.2 The map of rice area in Lombak,ni Oct2016

6.2 Water consumption (ETa)

The map of the evapotranspiration (ET) tembok is provided in Figuré.3 The ET ranges from 0 to 81m

and the average is 3m with a standard deviation of #2mn. The histogram of the frequency of ap@ace

can befound The ET map shows that the evapotranspiration is high in the southwest of Lombok and low in th
southeast.
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Evapotranspiration, 12 jun - 15 oct, 2016, Lombok

Legend
Evapotranspiration (mm)

Raster Histogram

Figure6.3the map of rice ETa and its histogram distribution in Lombok for the period 12 1&i®ct 2016

The map of the E@eficit canbe found inFigure6.4. The ETdeficit ranges from 0 to 284 mm. The average is
23.5 mm with a standard deviation of 25.8 mm.

Figure6.4 Map of the evapotranspiratiorficit of Lombok, 12Jun 150ct, 2016

The mapof the transpiratioand the ratio of beneficial consumpticain be found ifigure 65. The transpiration
varies between 0 and 636 mm. The average is 198 mm with a standard deviation of ThenBf. varies
between 0 and 90%. The average is 52.4% watiaadard deviation of 13.7%.
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