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Executive Summary
‘Operationalizing the increase of water use efficiency and resilience in irrigation’ (OPERA) is a project
carried out under the ERA-NET Cofund WaterWorks2015 Call. The consortium consisted of the following
partners: 1) Wageningen Environmental Research (WENR), The Netherlands – Lead partner; 2)
Stellenbosch University (SU), South Africa; 3) Evenor Tech (Evenor), Spain; 4) Instituto de Recursos
Naturales y Agrobiologia de Sevilla (IRNAS – CSIC), Spain; 5) French National Institute for Agricultural
Research (INRA – EMMAH), France; 6) University of Florence (UNIFI – DISPAA), Italy; 7) Council for
Agricultural Research and Economics – Research Centre for Policies and Bioeconomy (CREA-PB), Italy; and
8) Institute of Technology and Life Sciences (ITP), Poland.
Smarter, precision technologies for irrigation are needed to strengthen farmers’ adaptation to climate
change. Within OPERA we distinguished two main lines of research: i) identifying ways on how farmers
and irrigation organizations can react more flexible with their crop selection and production to market
opportunities under climate variability; and ii) providing operational ICT technologies that allow soil water
status identification and upscaling of crop water demands at field and territorial scale.
The first line focussed on stakeholder analysis to identify current bottlenecks and needs for improvement.
A general approach on addressing user needs with stakeholders from the different countries was developed.
In general, the needs and demands by farmers and other stakeholders varied between the different
countries. This implies that different actions are needed for the different regions in Europe and SouthAfrica. To increase competitiveness, some farmers prefer to increase the size of their farms while others
prefer improving marketing strategies or require more training for their staff. More similar results were
obtained in the barriers identification for water efficiency and adopting alternative crops. Farmers from
each country involved identified the cost of sensor and the high investment cost as the main barriers. In
addition, administrative barriers were identified (time to obtaining water intake permit and lack of agility).
The uncertainty of predicting market demands and adaptive infrastructure costs were identified as the
main limitations to adopting alternative crops. The second major issue addressed was a socio-economic
analysis regarding the development of irrigation advisory services, based upon the stakeholder needs.
Based on econometric models and the replies from the stakeholders on questions, it was shown that
farmers are actually willing to pay for an irrigation support system that results in an economic advantage
over their current situation. However, this willingness expressed in terms of Euros per hectare differed
between the countries. The results suggest that the policy makers, rather than following conventional
command-and-control method of irrigation management, will have to take into account the preferences
and associated willingness-to-pay values of the farmers in a meaningful way while formulating irrigation
policies.
The second line focussed on the development and field testing of ICT methods for irrigation. In total six
methods were studied, involving different combinations of the use of soil-crop simulation models, remote
sensing, in-situ soil and plant sensors, and weather forecast. The innovations introduced in the OPERA
project mainly concern methods for estimation of crop water needs for optimal irrigation and a good
distribution of water resources in shortage conditions. The assessment of water quantities is generally
made to cover crop water needs in optimal conditions. The issue of deficit irrigation was addressed in one
location (olive orchard irrigation). OPERA has been able to benefit from a technological breakthrough
offered by the SENTINEL satellite earth observation mission, which makes it possible to develop new
applications based in particular on the high temporal frequency (potentially every 5 days). In addition, the
exhaustive spatial coverage and the free access to images offer guarantees for the development of
operational services. Most of the methods are based on the dynamics of leaf cover. The use of soil-crop
modelling is the second innovation level. Modelling makes it possible to synthesize climate, agricultural
practices and soil, and thus to take into account the role of soil, which plays a buffer role against climate
variability through its water storage capacity. In addition, because soil-crop models are climate-driven,
they are well-suited to integrate weather forecasts. Weather forecasts can be used in irrigation scheduling
(in temperate climates) and even ensemble weather forecasts can be used to determine uncertainties
about the predicted root zone water content. However, the effect is dependent on the quality of the
forecasts, and currently we estimate that forecasts up to five days ahead can be used. The combination of
information technologies (mathematical modelling, in-situ soil or plant sensors, ensemble weather
forecasts and remote sensing) in OPERA created the possibility to get more precise estimation of water
demands and improve efficiency of irrigation water use in a field and larger scale.

1

The short term impact of OPERA is the possibility to pick up elaborated combinations of ICT products to
forecast agricultural water needs and more efficient water use. Mid-term and long-term benefits will result
mainly from realizing a better advisory service in the agricultural sector that can lead to a better water
demand management and to a more healthy socio-economic development in times of water scarcity and
drought.
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1 Introduction
1.1 Background
Extreme climatic events have negatively affected crop productivity during the first decade of the 21st
century in Europe and this is expected to further increase yield variability under climate change 1.
Information is needed on when and where water shortage is to be expected and if there are alternative
market opportunities for drought tolerant crops. Sustainable agricultural water management requires the
best fitting of water supply to the actual demand in a more flexible way. Precision irrigation must be
realized both at field scale, but also at the territory scale. Actual water demand is not only dependent of
the growth stage of the plant, but also on the remaining soil water availability. Recent decades provided
massive developments in remote sensing products, soil moisture sensors, plant based sensors, and models
to analyse soil water dynamics and crop growth. For individual products operational services have been
also established in the market. However there is a significant gap in applying the necessary combination
of such techniques in order to predict the upcoming water demands within a region. Contrary to
technological driven research projects, OPERA will apply a transdisciplinary approach 2 to identify jointly:
i)
ii)
iii)

The user demands of farmers, farmer associations, extension services as well as water management
organizations;
Best possible combinations of information technologies (sensors, models, remote sensing), and
Innovative service models to realize a practical transition towards an increased use of precision
irrigation in practice.

1.2 State-of-the-art and relation to the work programme
Worldwide significant progress has been made to utilize precision irrigation as a mean to increase water
use efficiency or decrease the water footprint in irrigated agriculture 3. The progress is mainly restricted to
advances at the plot scale and individual systems such as installations for drip irrigation or central pivots.
Specifically, closed systems (greenhouses) reached a very high level of maximizing water use efficiency.
Overall this progress is restricted to application at field scale. Integrating precision irrigation in the planning
of water resource use at territory scale is still a challenge. Point information, such as resulting from sensors,
is difficult to be transferred to a larger spatial unit. Remote sensing algorithms to estimate
evapotranspiration are available but often not at sufficient resolution to obtain operational data at field
scale. New market opportunities may allow farmers to shift more flexible to alternative water saving crops.
More experience needs to be gained in combining these technologies and scales so that they can serve the
practical adaptation of water consumption: direct mapping of soil moisture as done with in-situ
observations, air- or space-borne radar, crop water stress mapping by thermal infrared sensors and/or
modelling of the crop/soil/atmosphere continuum. When adequately fused with terrestrial measurements
these mapping tools offer decision support for agricultural water management. Up to now the advance is
often restricted to academic and experimental data collection and solutions are mostly supply driven.
Acquiring data, analysis, fusion and modelling are yet merely scientific abstractions without a direct link to
operational water management. This is what OPERA aims to change.
This project was submitted and granted for funding under the ERA-NET Cofund WaterWorks2015 Call.
Within that call OPERA fits under Challenge 1, sub-topic-I.a, as it deals with innovative ways for efficient
use of water in agriculture, including precision irrigation techniques and making use of models, sensors
and information and communication tools. It also takes into account the challenges related to climate
change and increasing resilience of agriculture (1.I.b), and relates to proper irrigation management,
including fertigation (nutrients dissolved in irrigation water) so that water pollution (e.g. nitrate leaching)
will be minimized (2.2.a).

1.3 Objectives
Smarter, precision technologies for irrigation are needed to strengthen farmers’ adaptation to climate
change. OPERA will advance the field of precision irrigation in two domains:

European Environment Agency (EEA), Water-limited crop productivity, 2014
Scholz, R.W. and G. Steiner. 2015. Sustain. Sci. 10: 521. doi:10.1007/s11625-015-0338-0
3 Also in EU projects such as FLOW-AID, EFFIDRIP, and COST action EURO-AGRIWAT
1
2
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1)
2)

By identifying ways on how farmers and irrigation organizations can react more flexible with their
crop selection and production to market available opportunities and the predicted climate
variability.
By providing operational ICT technologies that allow the soil water depended identification and
upscaling of crop water demands at field and territorial scale.

The objectives of the project are:








To identify specific market driven, farmer demands for producing alternative crops and to relate
operational services that bring precision irrigation for such crops and production system into
practice.
To identify operational means to anticipate climate variability and critical moments of water
scarcity in practice.
To identify the most adequate combination of soil sensors, plant-based sensors, remote sensing,
weather forecast and simulation models that allow the better consideration of rainfall,
evapotranspiration and soil moisture in irrigation scheduling.
To identify ways for operationalizing the upscaling at the territory scale information allowing a
better management of water scarcity and drought.
To integrate experience in operationalizing precision irrigation from various climatic zones in
Europe and South Africa to identify the best applicable service models.

In comparison to past technology
driven research projects, OPERA
will utilize a transdisciplinary
approach (Figure 1-1) to ensure
the
joint
learning
and
codevelopment with all relevant
stakeholders
throughout
the
project. By that new insights on
opportunities
for
desired
robustness and accuracy of the ICT
tools
and
innovative
service
models to bring the information to
the
farmers
are
elaborated.
Bringing advances from remote
sensing, soil moisture monitoring,
plant responses and forecasting
rapidly towards implementation
and commercialization is key for
the OPERA project. Therefore a
Figure 1-1. Visualization of the transdisciplinary approach as will be
series of case studies demanding
employed in OPERA to ensure the joint learning and co-development
precision
irrigation,
increased
with all relevant stakeholders throughout the project.
water use efficiency and resilience
are
used
to
research
the
practitioner needs, ways to increase the robustness of information supply, and concrete local barriers that
had prevented the transfer of research results into the farmer and water manager practice. While water
scarcity and the urgency to increase water use efficiency is the common nominator at all sites, the case
studies will offer the access to different types of irrigation systems under different climatic conditions. Each
case study builds on pre-existing experience and local research specialization. The common
transdisciplinary process to identify the needs and a useful set up for an operational concept will act as the
binding theme to exchange both challenges as well as individual solutions across all case studies.
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2 Methods
The project was divided in four content-wise work packages (WP1 - WP4) and a fifth work package for
project management related aspects. Table 2-1 lists the work packages with a brief description.

Table 2-1. Description of the respective work packages (WP) in the OPERA project.
WP

Description

1

Identifying sector needs to increase resource use efficiency.
WP1 was dedicated to the involvement of stakeholders, both in the case studies and at national/
European level. Stakeholder involvement will play a key role to identify market driven needs and to
increase water use efficiency. The WP1 worked closely together with other WPs: With WP2, stakeholders
were involved in the evaluation of the (innovative) management strategies; With WP3, stakeholders
actively participated in the monitoring and demonstration activities at the sites, and with WP4,
stakeholders were involved in defining and fine tuning OPERA’s services to the irrigation sector.

2

Forecasting water availability and critical water demand.
The objectives of WP2 were to develop innovative methods to assess water availability, irrigation needs
and the impact of water stress on production. Methods must be suitable for water management and
implementable in operational context. Innovation will take profit of technical progresses as provided by
the Sentinel satellite mission, progress in low cost sensors, weather forecast and data assimilation in
crop models.

3

Guidance for optimal irrigation water strategies (case studies).
The objective of WP3 was to synthesize results and testing of practical guidance in the field as proof-ofprinciple. Testing was carried out during one or two growing seasons in several case studies.

4

Conceptualization of practical service models.
This WP aimed to investigate the roles, institutions and potential markets for operationalizing services
to the irrigation sector capable of providing benefits to the user community.

5

Project management and dissemination.
This WP involved project management, the organization of transdisciplinary approach, co-learning and
evaluation during the project period. The general objective of this work package was to coordinate and
administer the project smoothly and to disseminate the project results to a wider audience.

After the project was approved the approach envisioned in the proposal was further elaborated in an
inception report (Jacobs and Heinen, 2017). In what follows the methods employed in the different work
packages will be briefly described.

2.1 WP1 – Identifying sector needs
For WP1 the following three tasks were defined:
T1.1

T1.2
T1.3

Stakeholder and institutional analysis (needs assessment). Identify key stakeholders for
involvement. Assess how farmers and irrigation organizations can react more flexible in crop
selection and production for markets in each case.
Establishment of a stakeholder platform. Partners will be responsible for setting up stakeholder
platforms for communication throughout the project in their respective national languages.
Organisation of stakeholder workshops in connection with other WPs.

For WP1 the following two deliverables were foreseen:
D1.1
D1.2

Report: Assessment of user requirements of the sector.
Report: Outcome of the two stakeholder workshops.

Each case study was building upon pre-existing experience and local research activities. The case study
partners had different backgrounds regarding previous engagement with stakeholders and social science
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research methods. Regarding to this, a Snow Ball process was designed around a series of two
questionnaires to be used in workshops and interviews. The first was designed to collect characterizing
information about identified stakeholders, while the second was dedicated to the identification of further
stakeholders, including those with whom they were not already in contact. Guidelines for workshops were
prepared, based on previous experiences as well as the report developed by Leventon et al. (2014).
Two workshops guidelines were designed to promote the participation and information exchange from the
stakeholders. The guidelines included suggestions of an agenda and topics, questionnaires with the minimal
information required for different work packages and different ways to promote their participation.
Also, a template survey was designed in order to standardize and harmonize the information collected from
every partner. However, some partners preferred interacting with their stakeholders by interviews or by
online surveys based on previous experience with them. The information was standardized and harmonized
in the best way possible allowing compare results between case studies.
The results obtained and the guidelines developed were elaborated in two deliverables (D1.1: BlancoVelázquez & Anaya-Romero, 2018; and D1.2: Blanco-Velázquez & Anaya-Romero, 2019) with contribution
of all partners.

2.2 WP2 – Forecasting water availability and critical water demand
For WP2 the following six tasks were defined:
T2.1

T2.2
T2.3

T2.4
T2.5
T2.6

Establishment of a common reference framework to translate user requirements in terms of
method functionalities (with WP1 and WP3), to define implementation conditions (with WP3 and
WP4) and provide a common evaluation procedure to be used for the demonstration in the
different case study areas.
Integration of different sources of information and models. Methods will integrate different
sources of information and models.
Coupling RS data and models. Use of HRST satellite images (Sentinel and LC8) and Landsat 8
with crop model (data assimilation, model input, model calibration) to provide spatialized soil
water content, plant requirements and assess the quality of irrigation implementation.
Use of in situ sensors to monitor vegetation status and development of upscaling strategies to
account for heterogeneities at the field and the farm scale using models and remote sensing.
Implementation of ensemble weather forecast in crop models and errors assessments.
Development of portfolio of methods which present in a harmonized way the target, their
rationale, the data requirements and the evaluation on use case. A special emphasis will be
devoted to error assessment which will be a key characteristic to be considered in irrigation
strategies (WP3) and service design (WP4).

For WP2 the following two deliverables were foreseen:
D2.1

Reference framework
procedure.
D2.2. Portfolio of methods.

defining

requirements,

implementation

condition

and

evaluation

Improving irrigation can be done either by working on the water application techniques or by optimizing
its use and reducing losses. In OPERA it is essentially on this second axis of improvement that we have
focused. Methods for scheduling irrigation have been the subject of research and innovation in the past.
Beyond the farmer's expertise, we can consider that the current standard is to control irrigation based on
an estimate of the climatic demand (ET0) and the development of the vegetation cover. Many service
companies have invested in this field. Some estimation methods rely on sensors that characterize the
water status of the soil (tensiometer, watermark probe, capacitive probes) or vegetation (diameter of
fruits). Despite the fact that the ideas of using such sensors are not new, their implementations in an
agricultural context, the analysis of the signals and the formalization of the decisions remain a difficulty
not always mastered, which would explain the absence of generalization of their use.
In OPERA, we aimed at developing improved approaches based on the following levels of innovation:
•
•

Integration of different sources of information and models. Methods will integrate different sources
of information and models (T2.2).
Coupling RS (remote sensing) data and models. Use of high resolution satellite images (Sentinel
and Landsat 8) with a crop or soil-crop model (data assimilation, model input, model calibration)
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•

•

to provide spatial soil water content, plant requirements and assess the quality of irrigation
implementation (T2.3).
Use of in situ sensors to monitor vegetation status and development of upscaling strategies to
account for heterogeneities at the field and the farm scale using models and remote sensing
(T2.4).
Implementation of ensemble weather forecast in crop or soil-crop models and uncertainty
assessments (T2.5).

The definition of irrigation scheduling methods is dependent on the context of application, which takes into
account the cropping systems, the organization of the sectors and the management of the water resources
and the tensions on the uses of water. In OPERA, the methods that have been developed are based on
concrete cases at the pilot sites (see WP3) and the skills of the teams in charge of the developments. Note
that the methods developed are not intended solely for irrigation management by the farmers at the plot
scale, but also targets other levels of decision-making, such as water resources administrations and
managers.
Six methods have been developed or applied in OPERA:
1- Agroclimatic and remote sensing based Indices developed by EVENOR (Spain) and implemented
olive trees. The aim is to improve their characterisation and propose index combinations to
improve irrigation recommendations.
2- Plant-based irrigation method developed by IRNAS-CSIC (Spain) implemented on olive trees.
The irrigation needs are assessed using stomata conductance modelling and thus better take into
account the plant control of the transpiration.
3- The APSoMoCo method based on soil-crop modelling developed by WENR (the Netherlands)
implemented on a field crop (potatoes). It is based on the use of a soil-crop model and ensemble
weather forecast to provide soil moisture forecast and associated uncertainties.
4- The CROPIRR method based on crop modelling developed by ITP (Poland) as implemented on
field crops. It is based on the use of a crop model and meteorological forecast to provide soil
moisture.
5- The IRRICROP method based on remote sensing and the crop model developed by UNIFI (Italy)
on field crop (tomato, corn). The method intended to improve the IRRISAT tool, already
operated for commercial application, by adding an assessment of the soil moisture using the
Aquacrop model and meteorological forecast to address uncertainties on the forecasts.
6- Irrigation requirements at the territory level method based on crop model and remote sensing
developed by INRA (France) on large variety of irrigated crops (grass, orchard, gardening, field
crop, vineyard, olive trees). The method aims at mapping actual irrigation water needs at the
level of an irrigated sector.

2.3 WP3 – Guidance for optimal irrigation water strategies (case studies)
Work package WP3 concerned the coordination and compilation of all work performed in the case (field)
studies, followed by summarizing all these findings together with other results within OPERA into an
irrigation guidance. For WP3 the following five tasks were defined:
T3.1

T3.2
T3.3
T3.4
T3.5

Installation of soil and crop sensors for monitoring of actual conditions. In-situ soil moisture
monitoring will be complemented in some cases with remote sensing observations. Activities in
this task will be in cooperation with WP2.
Field operational works (cooperation between farmers and researchers).
Collection (in real time as often as possible) of results from all case studies and elaboration of
results.
Verification of the system for optimal irrigation scheduling on the basis of results from the case
studies. Activities in this task will be in cooperation with WP2 and linked to activities of WP4.
Elaboration of practical guidance for optimal irrigation strategies.

For WP3 the following two deliverables were foreseen:
D3.1
D3.2
D3.3

Results of field measurements, weather forecast and simulation models that allow elaborating
more precise irrigation scheduling based on actual conditions.
Draft version of D3.3.
Final version of practical guidance for optimal irrigation strategies for farmers, farmer
associations, local policy makers.
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The approaches and results from each case study have been described in detail in Deliverable 3.1
(Kasperska-Wolowicz et al., 2019). It includes the results of field measurements, weather forecasts and
simulation models using different techniques of data acquisition to elaborate more precise irrigation
scheduling based on actual weather and field conditions. On the basis of the documents sent in the frame
of D3.1 from all the partners concerning their case studies and feedback from several stakeholders the
Deliverable D3.3 “Practical guidance for optimal irrigation strategies” was elaborated (Kasperska-Wolowicz
et al., 2019).
In order to streamline the compilation for all case studies a template of the practical guidance was
elaborated and was sent to all partners to be filled in. On the basis of information from workshops, direct
communication and discussion with stakeholders (farmers, water companies and associations, regional
advisors and officials), from field investigations and modelling results the “Practical guidance for optimal
irrigation strategies” was elaborated for each of the case study according to the issues listed below. The
objective of the guidance was to provide a synthesis to stakeholders to support decisions in irrigation. The
practical guidance is divided into three main chapters summarizing the WP1-WP4 works and one as an
overall summary and recommendation:
1.
2.

3.

4.

Context and needs from case study level/area. This chapter includes findings from workshops and
interviews from WP1 and WP4.
Methods and development. This chapter is related to WP2 and describes the methods developed
in the each case study based on: modeling, in situ sensors, weather forecasts, remote sensing or
combination of these technologies.
Results from case study areas. This chapter presents practical results from case studies, using the
WP2 innovative methods, as proof of concept delivered in WP2. This chapter also includes
outcomes of the deliverable D3.1 “Results of field measurements, weather forecast and simulation
models that allow elaborating more precise irrigation scheduling based on actual conditions”
(Kasperska-Wolowicz et al., 2019a).
Summary and recommendation. This chapter provides synthesis and information how to manage
water shortage and water saving good practices.

All these chapters were completed by all OPERA partners based on their case study investigations.

2.4 WP4 – Conceptualization of practical service models
Work Package WP4 looked into opportunities for operationalizing services to the irrigation sector. For WP4
the following four tasks were defined:
T4.1

T4.2

T4.3

T4.4

Framework for socio-economic assessment and business development. This includes the
definition of an overall methodology for socio-economic assessment of irrigation schemes
applicable to different contexts/situations.
Business models. Elaboration of a business model by identifying business roles of the system,
defining the relationships and building the overall business model framework to establish
operative and self-supportive downstream service activities with the user community of irrigation
water management.
Assessment of willingness to pay. Analysis of the importance of technological innovation in the
agricultural water management, use of choice experiment (CE) for preferences of the farmers,
and the analysis of marginal willingness to pay for the service.
Socio-economic assessment of service scenarios. It includes cost-benefit analysis for a range of
users, economic valuation and an assessment of socio-economic impacts.

For WP4 the following two deliverables were foreseen:
D4.1
D4.2

Report on socio-economic assessment.
Report on feasible service models for the irrigation sector.

The study was conducted between 2017 and 2019 in Italy, The Netherlands, Spain, Poland, South Africa
and France. In particular, a structured questionnaire was administered through face-to-face interviews
among 108 farmers applying a Choice Experiment (CE) (Holmes et al., 2017); choice models are seen as
the preferred methods that simulate the real choice (Louviere et al., 2000; Hensher et al., 2005).
Background information can be found in D4.1 (Altobelli et al., 2019a). Six attributes were included in the
CE each with 3 levels (Table 2-2). The stakeholders were then asked to make choices between several
combinations of these attribute-levels; an example of one such choice set is given in Table 2-3(in total
24 choice sets were considered). The importance, or weight, of each attribute was assessed by estimating
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Willingness To Pay (WTP), which measures consumers’ preferences in monetary terms. Willingness to pay
was estimated as the ratio, changed sign, between the coefficient of each attribute and that attribute
related to the price.

Table 2-2. List of attributes and levels used in the choice experiment.
Attribute description
Weather forecasts, per day
Crop water requirement, per day
Crop monitoring, per day
Registration of water data and information, per month
Contract
Price
Table 2-3. Example of a choice set. The stakeholder
A to D) (s)he would prefer?
A
Weather forecasts
4-5 days
Contract
3 years
Crop water requirement
one day
Crop monitoring
per day
Registration of irrigation
2 times per month
Price
15 €/ha

Level 1
1 day
1 day
1 day
one time
per year
5 €/ha

Level 2
2-3 days
10 days
7 days
two time
crop cycle
10€/ha

Level 3
4-5 days
15 days
15 days
three time
3 years
15€/ha

was asked to answer which of the following options (from
B
1 day
crop cycle
one day
per day
1 time per month
5 €/ha

C
4-5 days
per year
one day
15 days
3 times per month
10 €/ha

D

NOTHING

2.5 WP5 – Project management and dissemination
Work Package 5 involved coordination and communication activities. For WP5 the following four tasks were
defined:
T5.1
T5.2

T5.3
T5.4

Project management
Project meetings (physical attendance all partners). Three all-partner progress meetings will be
organised: Kick off meeting in Wageningen, The Netherlands; Mid-term progress meeting (at
one of the test sites) and Final project meeting to present final results and dissemination
materials (at one of the test sites). In addition, monthly skype/WebEx will be organised with the
WP leads to discuss progress. The 3 meetings organised by the Water JPI will be attended.
Dissemination activities. Preparation of factsheets, presentation of results at conferences,
events, press releases.
Consortium Agreement and progress reports.

For WP5 the following five deliverables were foreseen:
D5.1
D5.2
D5.3
D5.4
D5.5

Inception report.
Consortium Agreement signed by all partners.
Midterm Progress report.
Final progress report.
OPERA scientific booklet and peer-reviewed paper(s).

As common output for the project, a scientific booklet was prepared with all partners, which provides a
concise overview of the case studies, developed approaches and innovation, and a synthesis obtained from
the pilot experiments. This booklet will be translated to local language for some case studies (e.g. Poland)
to be shared with stakeholders.
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3 Results and Discussion
In this chapter a summary of the major results is presented and briefly discussed. Since all work packages
have described their work in detailed Deliverables, the reader is referred to these for detailed background
information (see Section 5.1). All Deliverables were sent to the secretariat of WaterWorks2015 together
with the final report and the current final technical report. The open access Deliverables for all work
packages can be found at http://opendata.waterjpi.eu/dataset/opera-operationalizing-the-increase-ofwater-use-efficiency-and-resilience-in-irrigation.

3.1 WP1 – Identifying sector needs
A total of 233 stakeholders participated in the OPERA project from different types of entities (research
sector, private sector, land user and advisory services and governmental administration) (Figure 3-1).
During the project, workshops (or interviews) were carried out in different countries in order to collect the
most information possible. The complexity and the differences among the cases studies from the OPERA
project could lead to errors (or high uncertainty) if the data were analyzed at the European scale; i.e.,
when all data of all partners were analyzed together. For example, the main actions identified by all
stakeholdes participated were only “Product improvement” and “Increasing professionalism” (Figure 3-2).

However, the analysis per country was more precise
in identifying the local preferences and the local
barriers. In summary the following results were
obtained (detalis can be found in D2.1., BlancoVelázquez & Anaya-Romero, 2019).The actions
selected by the stakeholders to increase the
competitiveness and improvements at their farms was
different in each country. The stakeholders from
Poland demand actions as “Renewal of existing
production processes”, “Increasing the size of farm”
and the “Introduction of innovative processes”. On
other hand, the French stakeholders demand “Better
sell products”, “Improve the use of water” and “Have
additional water resources”. More similar actions were
found in Italy and Spain where the farmers selected
“Product improvement”, “Increasing professionalism
of management” and “Product innovation”. In the
Netherlands, the action preferred was “Improve the
sustainability of the production processes” while that
Figure 3-1. Types of entities of the stakeholder
in South Africa the stakeholders selection was different
participants in the OPERA project.
acording to the type of sell. Farmers with their own
label preferred “Increasing the size of farm”, “Organizational innovation” and “marketing” while farmers
with bulk suppliers preferred “product improvement”, “training for their staff” and “sustainability”.
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Figure 3-2. Actions that could be important to increase competitiveness in case all data were analyzed at
once.

According to the potential improvements, the stakeholders selected among different options. However, in
most of the cases the stakeholders didn’t have a one-prefered option. In Spain and the Netherlands, the
stakeholders preferred “Ensuring coherent data and data reporting”. In Poland, “Improving delivery
efficiency” was selected but “Improving easy access to information” had a light preference too. In Italy,
“Improving private and public awareness” and “Assuring economic sustainability” were lightly selected.
Other important results obtained were the main barriers identified for water efficiency and for adopting
alternative crops or varieties. In this case, more similar results could be found among countries. According
to the barriers to improve the water efficiency, the stakeholders identified different barrieres, economics
and administratives. Mainly the high prices of sensors or of the irrigation control systems were selected by
stakeholders from Poland, France, Italy, Spain and the Netherlands. Poland identified also a need to
develop a catalogue of the best technical and organizational solutions. However, farmers from South Africa
considered themselves highly efficient and only mentioned that improving field infrastructure and adapting
their irrigation strategies will be the best way to improve efficiency. Administrative barrieres were identified
as lack of agility, little promotion of adivosry services, complexity and time to obtaining water intake
permit.
The main barriers to adopting alternative crops or varieties were the uncertainty of prediction of the market
demands, costs associated to change irrigation systems and lack of advice on suitable crops.
Figure 3-3 provides some photographs of some of the workshops.

Figure 3-3. Photographs of some of the workshops (from left to rihgt; Italy, Spain, Poland).
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3.2 WP2 – Forecasting water availability and critical water demand
WP 2 is dedicated to the development of the methods as described in Section 2.2. Work included the design
of the workflow leading to the decision, the elaboration of the methods involving the algorithms selection,
algorithm parameterization and evaluation of the benefit. Each method is developed in a specific context
that has to be further considered when upscaling the methods to provide operational context. Here we
provide a brief summary of these methods. Details can be found in deliverables D2.1 and D2.2 (Chanzy et
al, 2018; 2019)
3.2.1
Agroclimatic indicators developed by Evenor (Spain)
The traditional approach uses meteorological data to estimate the water requirements by considering
indices as ET0 = potential evapotranspiration). In OPERA other variables were calculated for the irrigation
schedule: HUI = Humidity Index, IFM = Modified Fournier Index, ICP = Precipitation Concentration Index,
Ari = Index of Aridity; AKI = Arkley Index and LPC = Length of the Growth Period. These indices were
tested using climate change scenarios. The results have shown an overall an evolution of the indices as a
result of an increase in aridity. Consequences of the climatic scenarios have shown an overall decrease in
olive productivity in 2040, 2070 and 2100 suggesting stronger need for irrigation in the future.
The NDVI-Csw method is useful for managing the water resources of Mediterranean olive groves. The NDVI
is used characterize the canopy development and thus infer the crop coefficient while CSW is a short term
water stress factor (Maselli et al. 2009, 2014) able to represent the ET under stressed conditions. The twolayer nature of the olive groves requires a separate estimate of NDVI for trees and for the underlying grass
cover, which can be obtained by applying appropriate statistical operations to satellite images with different
space-time properties. The crops coefficients (Kc) can be obtained from data obtained by remote sensing
and combined with daily potential evapotranspiration estimates for the operational prediction of real
evapotranspiration (ETA). NDVI relevance was assessed on Olive tree fields over different sites in Spain.
Results have shown good correlation between NDVI and actual evapotranspiration (Table 3-1).

Table 3-1. Correlation between actual ET and NDVI on different Olive plot on different sites in Spain.
Study site
Campaniche
El Águila
El Cañuelo
El Rancho
La Baldía
Los Ángeles
Miragenil
Quijano

PTO1
0.53
0.20
0.67
0.71
0.88
0.65
0.41
0.65

PTO2
0.51
0.52
0.70
0.71
0.86
0.78
0.63
0.38

PTO3
0.51
0.48
0.75
0.67
0.88
0.92
0.45
0.65

PTO4
0.51

PTO5
0.64

PTO6

0.78

0.84

0.84

3.2.2
Plant-based irrigation method developed by IRNAS-CSIC (Spain)
The developed method is largely based on the estimation of leaf area and stomatal conductance. These
two variables are the two main unknowns of the Penman-Monteith equation that describes the plant
transpiration. In the OPERA project, the IRNAS-CSIC team has focused on these two variables. Remote
sensing with drones at the whole orchard level has been used to estimate the tree crown volumes and
from that the leaf area. On the other hand, plant-based sensors were used to estimate stomatal
conductance in a continuous and automatic way using a very novel approach.
The rationale of this novel approach is based on the analogy between the relationship of yield versus
transpiration or water use and the relationship of photosynthesis versus stomatal conductance. Figure
3-4 represents this analogy with actual data from an olive orchard, which has been studied by CSIC
research team for 9 years.
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Figure 3-4. Left panel: relationship between yield of olive fruits and irrigation applied. In our environment,
during the growing season there is no rain and all water applied is evapotranspired by the plantation. Right
panel: relationship between photosynthesis and stomatal conductance for the trees in the same orchard.

It has been demonstrated (Hernández-Santana et al., 2018) that photosynthesis is the main determinant
for fruit growth. Controlling the stomatal conductance is therefore a powerful approach to determine
irrigation strategies considering the level of water stress together with its impact on production. In order
to implement such an approach, a tool to monitor stomatal conductance automatically and continuously in
the field is needed. Methodologies based on sap flow (Hernández-Santana et al., 2016), thermography
(Egea et al., 2017; García-Tejero et al., 2017) or leaf turgor-related probes (Rodriguez-Dominguez et al.,
2019) were found suitable to infer the stomatal conductance.
To implement the proposed methodology three main innovations were developed to manage water in fruit
tree orchards:
•
•
•

the use of remote sensing data to estimate the heterogeneity of the tree size and leaf area in
the orchard;
the use of stomatal conductance model to estimate both plant water needs a photosynthesis rate
to decide the optimal level of water stress; and
the use of plant sensors to monitor the stomatal conductance.

Results of the developed method were evaluated against the widely used method based on the crop
coefficient considered here as a benchmark. Figure 3-5 shows the comparison of both methodologies in
a hedgerow olive orchard intensively studied for the last 9 years, in which the crop coefficient method is
finely tuned. One can. see how the differences between both methods is minimal, and even our method
allowed for the saving of 18% of the water.

Figure 3-5. Comparison of the
stomatal conductance method with the
crop coefficient method (benchmark)
for a hedgerow olive orchard.

3.2.3
APSoMoCo method based on crop modelling developed by WENR (The Netherlands
The overall aim of the method is to provide to the farmer a 15 days forecast of the soil water balance:
water content in the root zone, rainfall and evapotranspiration. A decrease in soil water content in the root
zone as a result of a decrease in rainfall shortage (rainfall minus evapotranspiration) provides the farmer
insight in the need to prepare for irrigation in the coming days. Since weather forecasts are uncertain, it
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may be of help to consider ensemble weather forecasts that are available from ECMWF
(https://www.ecmwf.int/). In this way decisions to be taken by the farmer or water distributor can be done
with insight in the uncertainties of evapotranspiration demand and of expected rainfall.
The total water content in the root zone was modelled by a one dimensional model (SWAP-WOFOST; Kroes
et al., 2017, Boogaard et al., 2011; http://swap.wur.nl/) using each day the climate inputs a nearby
weather station (for instance in the network of the Royal Dutch Meteorological Institute (KNMI) for the
past period and for the coming 15 days ensemble weather forecasts (for instance the 51 ensemble weather
forecasts from ECMWF 4). The model was tested on a potato field of a commercial farmer in the south of
the Netherlands. To implement the model the farmer’s agricultural practices (basically crop type and
growing season) were collected and locally determined soil profiles and expected groundwater levels and
the subsequently derived soil physical soil layers were selected in order to mimic the local situation. The
ability of the model to simulate soil moisture is given in Figure 3-6 where a good agreement is found
through a comparison of measured and modelled changes in water content at two depths in the root zone.

Figure 3-6. Simulated (lines) and measured
(symbols, averaged for the replicates; right yaxis) time courses of volumetric water
content at depths 10 cm (top) and 30 cm
(bottom).

The impact of the weather forecasts are displayed in Figure 3-7 which shows the variability of the
simulated soil water content in the top 0-30 cm for a lead 7 days ahead and comparison of the median
forecast with that obtained with that obtained using the actual climate. In the beginning of the growing
season (May-June) the predictions were somewhat uncertain due to high variability in ensemble rain
forecasts, and during the dry summer of 2018 the predicted water contents in the root zone were well in
accordance with actual water contents.

Figure 3-7. Predicted water contents in the 0-30 cm layer for lead 7 days ahead (middle) and 15 days ahead
(blue lines with grey confidence interval) compared to the true or actual situation (red line) simulated using
actual weather data.

4

The ECMWF weather forecasts are obtained via KNMI based on a paid-for license for the duration of the OPERA
project (Sept 2017-Sept 2019). The data can only be used for research purposes without commercial intention.
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It has been shown that the method works well and can be easily automated. It depends on the model input
data. For Dutch conditions soil profile, soil-physical properties and expected groundwater levels are
available at the national scale, so the method can be easily applied to other locations. The method provides
the farmer with information on predicted behaviour of the water content in the root zone for the coming 1
to 15 days to be used by farmers in scheduling irrigation. The uncertainty increases with lead time, and it
is estimated that workable lead times could be up to say 1 week.
3.2.4
The CROPIRR method developed by ITP (Poland)
The method is intended to aid the operation of irrigation systems using real time information on
meteorological conditions and weather forecast. The CROPIRR model, coupled with the data collection, real
time transmission of data and processing techniques was used to predict real time the crop water demand
and to schedule irrigation. Evapotranspiration and soil water content changes in the preceding period were
calculated using measured values of meteorological parameters as well as soil and plant parameters. For
a 5-day planning horizon crop water demand, soil water content changes and required water application
were predicted.
The CROPIRR model consists of:
•

•

•
•

a telemetric system including automatic meteorological measurements of precipitation, air
temperature and humidity, wind velocity and solar radiation (for model simulation) with data
collection and transmission by GPRS;
a system of short-term (for each day of the 5-day period ahead) meteorological forecast including
daily precipitation, air temperature and humidity, wind velocity and solar radiation for
evapotranspiration estimation, predicting crop water deficit and required water application in
irrigation;
a model representing water transfer in a soil-plant-atmosphere system: crop evapotranspiration,
crop water demand, soil water balance and irrigation water requirement calculation;
information tools to disseminate recommendations to farmers supporting their decision on
irrigation performance: the method is foreseen to be used directly by farmers after training or by
regional agricultural advisory service (Regional Advisory Centre, water users associations,
producers groups) disseminating recommendations by local media, internet, sms.

The quality of the five day forecast was assessed over 2018 and 2019 as displayed in Table 3-2 for 2019.

Table 3-2. Quality of the forecasts for temperature and precipitation using measurements made at the Samszyce
weather station as reference values. Pearson’s r is the correlation coefficient between forecasted and observed
values, MAE refer to the Mean Average Error and Pbias reflect the relative bias.
Variable

Error estimator

2019 Temperature

r Pearson
MAE
Pbias Moriasi
r Pearson
MAE
Pbias Moriasi

2019 Precipitation

1 day
0.98
1.10
-0.04
0.31
1.25
0.07

2 days
0.98
1.21
-0.04
0.39
1.21
0.17

Forecast terms
3 days
4 days
0.97
0.96
1.32
1.45
-0.05
-0.05
0.41
0.22
1.28
1.56
0.19
0.33

5 days
0.95
1.59
-0.05
0.13
1.89
0.38

Forecasts are close to the actual climate in the case of the temperature while precipitations remains more
uncertain with a weak correlation but with rather low errors (<2 mm/d) due to the fact that days without
rains are well forecasted.
3.2.5
The IRRICROP method developed by UNIFI (Italy)
IRRICROP provides optimal approaches for dynamic assessment of crop water demand based on sequential
assimilation of remote sensing (RS; Sentinel-2A) observations in a crop growth model. The aim was to
develop rules for optimum water management under climate variability and uncertainties in the
Mediterranean, especially in Italy. IRRICROP allows farmer’s associations, regional government, land and
water reclamation authorities to schedule irrigation in a more rational way. In OPERA the selected irrigated
crop was processing tomato irrigated using drip systems. The optimization is foreseen at water
management level, through the availability of dynamic information about the crop evapotranspiration and
its trend based on pedo-climatic conditions.
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In IRRICROP, the fractional cover (fc) estimated by Sentinel-2 is sequentially assimilated into the AquaCrop
model, by direct insertion, in place of the simulated canopy cover (CC). The sequential direct insertion is
applied under the assumption that a continuous update of one crop model state based on remote
observations can reduce the biases induced by the model simplifications of the processes and
environmental conditions influencing the crop growth dynamics. Compared to the already adopted
methodologies based on remote sensing as delivered by the irriSAT service delivered by ARIESPACE, the
use of the model introduces the estimation of the soil water balance which, in turn, affects the crop
transpiration. In this way, the dynamics of water losses are better reproduced allowing a more precise
determination of the actual water requirements. In this sense, the innovation will be the availability of
information to farmers about the real water requirements of their crops and the availability of the same
information together with real data about water use to land reclamation consortia. The IRRICROP method
is expected to lead to a more efficient water crop water use in the field, a more efficient water management
at catchment level and a more correct distribution of water among different users (and consequently the
pricing policy).
The growth of the green canopy simulated by the model was compared with the fc values observed by
IRRISAT. In both seasons (2017-2018) the simulated growing curve fitted well with the satellite
observations, although an underestimation for the initial canopy cover (late April-early May) and an
overestimation during the last part of the growing season (July) was observed (Figure 3-8).

Figure 3-8. Canopy cover of tomato simulated by AquaCrop, after calibration with field data (line) and
corresponding fractional cover values (dots) retrieved by Sentinel-2 imagery during 2017 (left) and 2018
(right) growing seasons, with corresponding standard deviations.

The canopy cover fc maps retrieved from Sentinel-2 imagery can be more
constraining AquaCrop predictions to the actual observed crop growth and
variability (IRRICROP). As displayed in Figure 3-9, AquaCrop ETp estimates
essentially equal to the calibrated AquaCrop, except for the development and
the average fc sensibly deviates from the model calibrated growth curve.

effectively employed for
for assessing its spatial
after direct insertion are
senescence stages, when

Figure 3-9. Crop evapotranspiration estimated by AquaCrop (blue), IRRISAT (red) and direct insertion (green)
of fc retrieved by Sentinel-2 imagery into AquaCrop, in 2017 (left) and 2018 (right).
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Integrating Sentinel-2 imagery with crop growth model such as AquaCrop, can be an effective strategy for
assessing crop water requirement in the initial and development stages of the crop, as well as for identifying
the senescence stage. Further, since the satellite imagery contains spatial information, the integration into
a crop model can help in assessing crop water requirements at field or higher scales, i.e. at territorial level.
3.2.6
Irrigation requirements at the territory level developed by INRA (France)
The goal of the methods in this case was to provide irrigation need maps at the field level and different
temporal terms (meteorological forecast for the coming weeks, over the irrigation period using climatology
(past and future), seasonal forecast). The main expected users are the water managers that have to
implement decisions in the water allocation to the farmers (amount of water, distribution calendar). But a
fair evaluation of the water needs will also be appreciated by the individual farmer by providing an objective
basis to decide restriction.
The proposed method is a suite of models that lead to the estimation the required irrigation water amount
for each field in the study area. This led to the following steps:
•

•

Step 1: detect irrigated crops using the temporal series of satellite images using the characteristics
of the Sentinel satellites: 1) frequent observations provide time series able to capture dynamic
patterns of the vegetation development, 2) with the Sentinel spatial resolution one is able to
address small fields, which are frequent in irrigated area, and 3) rich spectral content useful to
characterize plant traits (LAI, fapar, vegetation water content, soil moisture …). The challenge is
then to identify patterns in temporal evolution of satellite vegetation indices that improve the
identification of irrigated crops and if possible the cropping system variants that lead to different
water requirements.
Step2: set up the water estimation modelling framework. The simulator is based on two
components: a simulation case generator to address the spatial variability of soil, climate and
agricultural practices, and a crop simulator to represent the crop behaviour and the assessment of
the water budget.

The simulator was already developed in previous projects for the Crau Area. The main innovations
developed in the project were related to step 1 mentioned before with the development of methods to map
irrigated fields using the Sentinel 2 data over the two studied sites and to map flooding irrigation spatial
patterns to assess the required amount of water to perform the irrigation.
New classification approaches were developed based on the analysis of the time signal provided by the
Sentinel mission thanks to the high repetition rate of measurements. Thus we focused on the detection of
irrigated grasslands that offer a very specific time signature with regular hay cutting (see Figure 3-10)
and the detection of irrigated and non-irrigated orchards and vineyards. On this last point, a judicious
choice of acquisition date combined with effective classification methods (deep learning) gave satisfactory
results.

st

1 cut

nd

2 cut

rd

3 cut

Time (DoY)

Figure 3-10. Leaf Area Index (LAI) dynamic determined from Sentinel 2 using the BVnet tool available at
OTB toolbox https://www.orfeo-toolbox.org/), extracted on three pixels of an irrigated grass field.

To determine the amount of water used to irrigate fields using flooding irrigation techniques, it is important
to characterize the length of an irrigated unit. The way to characterize such a length is to capture an
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irrigation event during which the field is partially flooded. The comparison of the shape of the flooding area
and the geometry of the field gave us an indication of the flooding direction The goal in OPERA was then
to develop a method able to distinguish within a field flooded area from the non-irrigated area. The
developed method was based on the heterogeneity of the reflectance in the mid-infrared wavelength region
(Sentinel 2 band 11) which is sensitive to soil water content. A reflectance threshold, which is dependent
on the plant development, was determined to identify flooded areas (Figure 3-11).

Figure 3-11. Detected flooded pixel (in green) using the TRB11S2 threshold to flag the pixels. The field are
represented by the polygons. In each polygon a buffer of 20m was set to remove border effects.

During a season about 20% of the irrigated grassland fields offer at least one satellite acquisition showing
flooded pattern, rate that can be increased by a multiyear approach. Such a data set is then a unique to
determine a stochastic model determining the direction of irrigation at the whole territory scale, thus
providing a better insight of the volume of water brought on the area.

3.3 WP3 – Guidance for optimal irrigation water strategies (case studies)
WP3 is dedicated to compile the results of field works performed in the case studies with other results
within the OPERA into the irrigation practical guidance. Here we provide a brief summary of WP3 results.
Details can be found in deliverables D3.1 and D3.3. Both deliverables are closely related to WP2 with
respect to the description of the scientific context of the developed, applied and improved approaches in
all case studies.
D3.1 presents the results of field measurements, weather forecast and simulation models that allow
elaborating more precise irrigation scheduling based on actual conditions. These results have been
collected and archived in data bases of every partner of the OPERA. The results from each case study are
presented in seven Appendices to D3.1, written according to the template of practical guidance (see:
Section 2.3, Methods).
D3.3 is the final version of the “Practical guidance for optimal irrigation strategies for farmers, farmer
associations, local policy makers” improved after discussion and consultation with the groups of
stakeholders. It provides the results from all case studies in practical-scientific context.
Below, the main results of D3.1 and D3.3 are summarized in order corresponding to the template of
“Practical guidance...”.
Chapter 1 “Context and needs from case study level/area” is related to the work that has been done
within WP1 and WP4.
On the basis of the OPERA case studies experience, the main sources of water for irrigation are:
watercourses (river, streams, canals and ditches), local surface water reservoirs (natural, artificial) and
local groundwaters. Watercourses are main resources for grasslands irrigation and rarely for orchards (it
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depends on catchment or regional surface water resources). Groundwater, with mostly private wells, is
used for irrigation of arable crops, vegetables and orchards. Combined sources, for example groundwater
wells supported by artificial reservoir collecting rainfall water, are also used.
The main irrigation methods used in all case studies areas are pressure techniques: sprinkler, microsprinkler and drip irrigation that are used for orchards and field arable crops and vegetables. The flooding
techniques and subsurface irrigation are used mainly in grassland areas.
In general, in majority of the OPERA case studies there are no decision support services (DSS) focused on
operational prediction of time and doses for irrigation of different field crops. Farmers irrigate on the basis
of their experience and knowledge (the most adopted method) and short term weather forecast mainly
achieved from media. There are some satellite-based platforms as IRRISAT developed in Italy and being
operational since 2007 in Southern Italy and FruitLook in South Africa dedicated to irrigation purposes. In
Poland there is an irrigation support service, mainly from technical side, dedicated only for horticulture;
similarly for glasshouse horticulture in The Netherlands. In some regions in Italy different Irrigation
Advisory Services (IASs) for optimizing water management are used, these include crop water
requirements, irrigation frequency and volume. Current practices for determining irrigation needs are not
always unambiguous with water saving practices.
To the water saving practices belong farm water management plans in some Dutch provinces (with “license
to irrigate’’) and website (payable) applications on irrigation and on crop rotation. Other practices for water
saving are: in France (Crau area) restriction in the channel flow reduce during dry period on grasslands.
Spanish stakeholders mentioned water use register in farms, limitation in water use (permission criteria:
cultivation, location and demand), expert recommendations, specific tools and weather forecasts. SouthAfrican stakeholders listed the following water saving practices and management of water shortage:
switching from micro to drip irrigation, self-compensating drippers, changing drippers spacing, applying
mulch, slow starter pumps. Polish partner pointed no-tillage cultivation as water saving practice.
Chapter 2 “Methods and development” is related to WP2 and these results, including innovation, with
respect to the state of the art, have been described in the D2.2 “Portfolio of methods”.
Chapter 3 “Results from case study area” focuses on the results of the use of these methods (different
information technologies) to improve irrigation strategy and irrigation water efficiency as well as on
possible implementation of the developed methods toward innovative advisory service.
To evaluate the usefulness of the elaborated methods, some testing investigations in the field conditions
were carried out. The crops used for field testing were: potato (the Netherlands), tomato (Italy), parsley
and celery (Poland), olives (Spain), grasslands and vineyards (France), orchards and vineyards (South
Africa).
Most of the methods being developed within OPERA are the tools that aim to help the different people
involved in irrigation management to take a decision. All of the tools (Table 2) can support farmers and
water managers in operational planning and management of irrigation process. All of the tools are based
especially on the use of mathematical modelling. The decision to be taken concerns the amounts of water
to be given for crop irrigation (CROPIRR method in Polish case study for 5 days ahead and IRRICROP in
Italian one). Such decision would also be possible using the ApSoMoCo method developed in Dutch case
study, where the primary attention was focused on soil water content (including uncertainty) in crop field
predicted for 15 days ahead. The overall aim of the method is to provide to the farmer a 15 days forecast
of the soil water balance: water content in the root zone, rainfall and evapotranspiration. A decrease in
soil water content in the root zone as a result of a decrease in rainfall shortage (rainfall minus
evapotranspiration) provides the farmer insight in the need to prepare for irrigation in the coming days.
The outputs from the CROPIRR indicate time and water doses for irrigation depending on different irrigation
scenarios according to the farmer or researcher and in the future custom user's decision. In five case
studies (France, Italy, Spain, South Africa and supplementary in Poland) remote sensing images and data
were used to improve the irrigation decision support tool. In the French case study the irrigation needs
maps were elaborated on the basis of satellite images. These maps concerned irrigated grasslands in
flooding techniques and horticulture in pressure techniques. These maps are the source of information
toward decision taking (e.g. water availability in the field). In South Africa a remote sensing based service,
called FruitLook was tested toward actual evapotranspiration estimation.
To support the decision taking the OPERA partners indicated also in-situ measurements of soil water
content with soil moisture sensors (Dutch and Polish case studies). Lowering of the water content in the
root zone below a certain level indicates the necessity of irrigation. According to the USDA (Irrigation guide,
1997) available water content (AWC) is the major soil factor in irrigation scheduling. Only a partial depletion
of the AWC should be allowed. For most field crops and loamy soils, 50 percent is allowed to be depleted
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to limit undue plant moisture stress. For most vegetables, 30 percent depletion is desirable. Decision taking
was also supported by plant condition evaluation on the basis of sap-flow (Spanish case study) and LAI
(Polish) measurements. Farmers’ interest in soil moisture sensors increases as was indicated within OPERA
surveys and direct communication with stakeholders.
Summarized description of testing the methods being developed within OPERA is presented below for each
case study.
3.3.1
The Netherlands
As a test case a potato field of a commercial farmer in the south of the Netherlands was chosen. SWAP
and WOFOST simulation models were integrated for modelling soil water balance and crop growth.
Ensemble weather forecast (each day updated for 15 days ahead) and historic weather data were used to
perform simulations with the SWAP-WOFOST model. Soil water content sensors at 10, 30 cm depth and
local rain gauge were installed in the field. Time-courses of soil water content in the root zone were
predicted for the coming 1-15 days (including uncertainty) and compared with the measured water
contents in the field. Irrigation was practised according to the farmer.
Water content in three soil layers (0-30, 30-60, 60-80 cm below soil surface), the groundwater level,
expected rainfall, and expected rainfall shortage (difference between rainfall and actual evapotranspiration)
were predicted using SWAP-WOFOST simulation model. Each day a set of graphs was obtained for these
parameters. An example is provided in the Figure 3-12, generated for the date June 5, 2018 which is the
time = 0 at the horizontal axis. The left graph refers to the water content in the layer 0-30 cm depths and
the right graph refers to the difference between rainfall (R) and actual evapotranspiration (ETact)
calculated with Penman-Monteith method. Due to rainfall deficit (R-ETact is negative) soil water content
drops indicating current irrigation needs. The blue lines refer to the past 9 days based on the actual historic
climatic data. The red lines refer to the median of the 51 predictions for the coming 15 days, with the grey
area indicating the 20-80% confidence interval of the predictions. According to the ensemble forecasts the
confidence range of predicted soil water content and irrigation needs increases over time, that means
increasing prediction error.

Figure 3-12. Time courses of historic (9 days; blue line) and future (15 days; red line + grey confidence
interval) modelled properties for date June 5, 2018.

The agreement between actual and predicted water contents as a function of the lead time (1-15 days
ahead) was evaluated for the whole year 2018 and expressed by several statistics. When looking ahead 5
days the median the Pearsons r2 equals 0.81 and RMSE equals 4.6 mm, whereas for lead time 15 days
these are much less favourable: 0.43 and 8.3, respectively. The level of uncertainty increases slowly with
lead time (Figure 3-13).
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Figure
3-12.
The
correspondence between
predicted
and
actual
water contents as a
function of the lead time
(1-15
days
ahead)
expressed by Pearsons r2
and RMSE statistics.

SWAP-WOFOST predicts the time course of water content in the root zone for the coming 1-15 days based
on ensemble weather forecasts. So far it does not give recommendations of when and how much to irrigate,
although this could simply be added once a threshold value for the water content in the root zone is
reached. The system could be made more robust when the sensor data are used to (automatically) calibrate
some parameters in the soil-crop model (e.g. on a weekly basis).
3.3.2
Italy
The test was carried out in Frignano, located in Caserta province (Campania, Italy). Processing tomato was
cultivated in two parcels of 4 ha each. Plants were watered by light driplines.
Crop irrigation water requirements (IWR) and potential evapotranspiration (ETp) were estimated using
three different methods: Aquacrop model, remote sensing data processed by IRRISAT platform and
Aquacrop model with direct insertion of the fractional canopy cover (fc) estimated on the basis of Sentinel2 images. Meteorological daily data were collected at a complete weather station located in the study area.
Irrigation was applied based on the farmer best knowledge. Applied water volumes were considered as
reference values against which the different estimation methods.
The agreement between AquaCrop and IRRISAT ETp estimates was excellent in the mid-season stage,
when the crop canopy was fully developed. IRRISAT provides ETp estimates based on crop parameters
retrieved from the last available image, thus with a delay of 5 or more days. In the initial crop development
stage, ETp values estimated with Aquacrop were higher than determined by IRRISAT. In the senescence
stage, the values of ETp derived by means of IRRISAT were higher than estimated by AquaCrop.
The IRRISAT based method delivered accumulated irrigation water requirements lower than estimated
using two Aquacrop based methods in both examined seasons, respectively by 3% and 11%. Cumulated
irrigation water amounts used by the farmer were slightly lower than estimated by the model-based
methods in the first season and higher in the second season. After the crop was fully developed, the
cumulative irrigation water requirements (IWR) curves were almost parallel, testifying the good agreement
of the remotely assessed daily IWR with AquaCrop. The direct insertion of fc in terms of irrigation water
requirement was null in 2017, while it determined a 5% decrease in 2018. The temporal pattern of IWR
was almost unchanged in the two simulated seasons (Figure 3-14).
Integration spatial information derived from satellite imagery into a crop model can help in assessing crop
water requirements at field and also at higher scales, i.e., at territorial level. The combination of timely
information about the actual development of crop provided by the model with the information retrieved by
the satellite allows more efficient water distribution criteria based on the real irrigation needs of crops. The
characteristics of Sentinel-2, with very high revisit frequency and 10 m spatial resolutions, make it suitable
for mapping crops and irrigated areas also at a large scale with good accuracy and at low cost.
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Figure 3-14. Cumulated irrigation water requirement (mm) estimated by the three methods: AquaCrop (blue),
IRRISAT (red), direct insertion (green) of fractional cover retrieved by Sentinel-2 imagery into AquaCrop, and
farmer’s irrigation schedule in 2017 (top) and 2018 (bottom). Rainfall is also plotted (histograms).

3.3.3
France
The whole study was at the regional level. The French case study was composed of two main areas in the
south-eastern France: the Crau aquifer area and the Entrechaux site. The Crau area study focused on
grasslands irrigated with flooding techniques and Entrechaux site mainly on land use classification. In both
cases the remote sensing (Sentinel-2) was the main information technique. Sentinel-2 imagery, at
catchment scale in grassland area (CRAU area) and fruit trees domination area (Entrechaux site) were
acquired for three years. In the first case study it was used to determine irrigation water pathway length.
In the second one, it was used for land use classification, mainly mapping irrigated orchards and vineyards.
The regional STICS model results were used to compare with remote sensing based methods.
In the Entrechaux site (Figure 3-15) orchard NDVI appeared slightly higher than for the vineyards, mainly
because, the vegetation development is more important for orchard than for vineyard and more orchards
are also irrigated compared to vineyards. On these profiles, the cultural practices of the leaf thinning for
vineyards and the cut of some orchard branches can be clearly detected in July. For orchards the distinction
between irrigated fields and non-irrigated field is clear while for vineyards little differences were observed,
with higher NDVI in the non-irrigated case. This unexpected pattern can be explained by the fact that
vineyards irrigation was done on fields dedicated to table grape which a very different structure than unirrigated fields dedicated for wine production.
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Figure 3-15. NDVI over time (DOY) on two types of agricultural fields (irrigated field in red, and non-irrigated
field in blue) in 2016.

In the CRAU area (Figure 3-16) the irrigated fields (flooding pattern) were detected by analysing spectral
and spatial feature of satellite data. The rate of field being detected was 17.7%, 35.9% and 51.1% for
2016, 2017 and 2018, respectively. At the end of the three years, 65% of the field led to at least one
irrigation detection. This rate can be improved by considering several years.

Figure 3-16. Map displaying grassland fields where at least one irrigation event was detected during the 20162018 period. In red we have the detected fields while in white polygons we have the non-detected irrigated
grassland fields.
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Direction of irrigation was determined manually and compared to the actual direction determined in four
farms. In all farms good flooding irrigation detection determined by the method developed within OPERA
was higher than determined using the algorithm implemented in the regional STICS based Simspat
method. For example, in the farm with best detected irrigation water pathway length, success in
determining irrigation was 70% and 46% respectively. The rate of errors in case of the OPERA developed
method was much smaller than with the algorithm implemented in the Simspat method.
At the term information derived from remote sensing should improve the regional model (e.g. regional
STICS) parameterization.
3.3.4
Spain (IRNAS)
A mechanistic model of stomatal conductance, called the BMF model (from abbreviation of the authors
surnames) as an alternative, new method of crop water needs estimation was tested in the experimental
hedgerow olive orchard in Andalusia. Soil water content sensors as “checking point” and plant sensors for
stomatal conductance estimation (sap flow sensors and turgor-related probes) were used. Sentinel-2
imagery were used and three drone flights (UAV) with multispectral, hyperspectral and infrared cameras
(field scale) were performed to understand the spatial heterogeneity of the orchard. On the basis of
different remote sensing techniques, it was possible to identify the differences among water treatments
for olive trees in water stress and without water stress conditions.
The BMF mechanistic model of stomatal conductance was used to calculate water needs for a hedgerow
olive orchard. The results of using this new method were compared to the results of the crop coefficient
method.
There was a good agreement between both methods, although in some periods both methods seemed to
have a lag response with respect to each other. This was due to the fact that with the crop coefficient
method the ETo was estimated from the meteorological data from the previous week, but with the stomatal
conductance method the weather forecast data of the following three days was used. Overall, over the
whole period, it is possible to save up to 18% of the water compare to the benchmark method, with no
effect on yield.
Usage of mechanistic models with plant sensor outputs can improve estimation of stomatal conductance
and actual amount of water to be applied. With this new approach, by combining mechanistic models with
sensor outputs we can infer stomatal conductance and so use this information in a rational way, and even
to estimate the actual amount of water necessary to be applied.
Sentinel-2 satellite images caught up the differences among irrigation treatments with satisfactory results.
Drone information from multispectral, hyperspectral and infrared cameras allowed to discriminate each
treatment even at the individual tree level (each pixel is 8 cm). The most valuable results were: in the
case of the multispectral cameras it was possible to separate the effect of the NDVI values from soil+weeds
from the canopy of the trees; in the case of the infrared cameras these showed the largest sensitivity to
water stress dynamics (Figure 3-17).
The most promising and innovative results have come from the use of the visible 4K camera. It was possible
to reconstruct the canopies in 3-D. This is information is valuable since it solves one of the main difficulties
to estimate the water consumption by trees: the actual leaf area and its seasonal evolution. It was also
possible to use this information to estimate the heterogeneity of plant sizes in the experimental site.
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Figure 3-17. Remote sensing data from Satellite (Sentinel-2) and drone flights with thermal, multispectral
and hyperspectral cameras.

3.3.5
Spain (EVENOR)
The case study concerns different sites in Andalusia with olive groves cultivation. Two approaches for
estimating crop water requirements with special focus on soil water content were used. One of them was
based on several commonly used agroclimatic indices and second based on NDVI-Cws method. Pre-treated
Sentinel 2 Level-1C imagery were also used for the NDVI-Cws method. NDVI-Cws estimated the soil water
content in the root zone based on local weather forecasts, soil variables and irrigation inputs. Correlation
between actual evapotranspiration and NDVI values were calculated and time courses of soil water content
and NDVI were plotted. Additionally, according to climate change scenario (up to 2100) on the basis of
agroclimatic indices, prediction of crop production tendencies for different locations in Andalusia due to
climate change was performed.
A good correlation was found between actual evapotranspiration and NDVI values. For example in Los
Ángeles correlation coefficient varied between 0.65 and 0.92, and in El Rancho it varied between 0.71 and
0.76 for different olive plots.
The results showed the evolution of the water content in the soil over the two years, appreciating losses
of water in the hottest months and the compensation of this loss by farmers through irrigation water
(Figure 3-18). However, there are problems identified according to precipitation and NDVI. For example,
not all abundant rainfall causes filling soil to the field water capacity. It is important to identify those stormy
rainfall in which the soil is not able to take all the water (runoff and erosion process).
Satellite imagery, weather data and GIS technology supported with data from farmers can improve
accuracy of the results.
The results of climate change prediction showed a general increasing tendency of monthly reduction of
crop production in every site studied (Figure 3-19).
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Los Ángeles

El Rancho

Figure 3-18. Evolution in time of NDVI and soil water contents (in logarithmic scale) in two locations and
different olive plots (PTO).

Figure 3-19. Predicted for the years 2040, 2070 and 2100 monthly reduction in crop production (Ry) for
different locations in Andalusia. Ry values in percentage.

3.3.6
Republic of South Africa
The case study area was Central Breede River Catchment in the Western Cape Province with orchards and
vineyards. Through interviews, the uptake of technology for irrigation scheduling was tested. The uptake
of FruitLook service for irrigation management was also tested. The service FruitLook is an open access
platform using satellite and weather information to monitor vineyards and orchards in terms of crop growth,
crop water-use and leaf nitrogen content. Weather parameters and soil data were used to verify FruitLook
service.
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Figure 3-20. The technologies farmers rely on for irrigation scheduling – according to the questionnaire in
South Africa case study.

The results of the questionnaires (Figure 3-20) indicated different decision support methods
(technologies) used by farmers. The only technology farmers rely on for irrigation scheduling is based on
soil water devices, the most popular being continuous logging probes. In the case study area soil probes
are used by farmers for irrigation scheduling. Farmers still rely heavily on physical field observations in
terms of plant physiology and physical soil water profiles. The distribution shown on Figure 3-20 more or
less corresponds to the preferences of farmers in all OPERA case studies and indicates the importance of
knowledge about the texture and water properties of soils as well as plant physiology.
In the case study FruitLook service delivered monthly totals of actual evapotranspiration (ETa) and ETdeficit
at field scale. ETdeficit is calculated as the difference between potential evapotranspiration (ETp) and actual
(ETa). These FruitLook-based data were used to compare with monthly water requirements for vineyards
estimated on the basis of a weather station (ET0, ETc) and soil water loss based on probes measurements.
It was the first attempt to make linkages between soil water probes and climate and remote sensing data.
The correlation between all approaches and applied by farmer irrigation was high (Pearson r > 0.72). The
FruitLook actual and potential ET values were much lower than the applied irrigation (Figure 3-21). In
the peak season (October-February) on average, the farmer over-irrigated comparing to all these
approaches. Applied irrigation was higher than according to Fruitlook by approximately 30%, higher than
ETc by 16% and higher than estimated on the basis of soil probes by 13%. Irrigation applied was closest
(6%) to the reference evapotranspiration ET0 estimated on the basis of weather stations data. The
estimated over-irrigation by FruitLook can most likely be attributed to the orchard being under net cover,
illustrating that remote sensing cannot be used as a reliable estimate with shade netting. This is
problematic since the use of nets as water saving effort is growing rapidly in the province. Since this farmer
receives clean mountain water and his orchard is under nets, it is possible that he over-irrigates and could
cut his water consumption by at least 5% to correspond with ET0.
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Figure 3-21. Comparison of all approaches (monthly m3 per hectare) and applied irrigation, where:
FL ETactual – FruitLook actual evapotranspiration, FL ETideal – FruitLook potential evapotranspiration;
ET0 – Penman-Monteith reference evapotranspiration, ETc - Penman-Monteith actual evapotranspiration.

ET0 estimated on the basis of weather stations is a good reference to use as a conservative estimate for
water budgeting at catchment level. FruitLook could be accurate, but not when the block is covered with
nets. This is an important factor that remote sensing products need to incorporate in future. During water
restrictions farmers need to receive at least the amount of water budgeted with soil water probes or ETc
values. For small farmers in South Africa that do not have access to much technology, it would be best to
give free access to weather station ET data for water budgeting.
The results from the case study will be useful for FruitLook improvement and for developers of soil water
probes.
3.3.7
Poland
The study was carried out in two farms situated in Kujawsko-Pomorskie province, in the north-centre of
the country. Main irrigated crops were leaf parsley (individual farm) and celery (producer group farm). The
CROPIRR model was used to predict soil water balance components and irrigation water demands for the
examined crops. Actual weather and five-day weather forecast data were input to the model. Soil water
potential of examined fields was determined. Soil moisture probes (sensors in every 10 cm layer of 60 cm
profile) were installed in the fields. Time-courses of soil water content in the field were used to verify
modelling results. Additional manual measurements of LAI and soil water content were carried out. Remote
sensing based images of NDVI and crop coefficients Kc from IRRISAT platform were used to support
modelling. The farmers irrigated according to their schedule. Irrigation needs for the next day were
calculated using three local weather forecasts and up-scaled from the field to the county scale on the basis
of digital soil maps.
The daily measured values of soil water content in the root zone were compared with two modeled data
sets. The first one was the output of the modeling on the basis of the farmer irrigation schedule and doses.
The second data set was the output of the modeling on the basis of the 5-day weather forecast. Depletion
of available water content below a certain threshold (50% of available water capacity) indicated irrigation
needs (time and doses). For evaluation purpose several statistics were used. The values of r Pearson were
high but the PBIAS indicated high difference between measured with sensors and modeling results.
Modeled values were underestimated comparing to the sensor measured values. One of the reasons could
be that soil moisture in deep layers increases with slight delay after irrigation. The modeling results
according to the weather forecast better fit to the sensor measured ones than modeling according to the
farmer irrigation. Comparing two modeling data sets, the difference between them was small.
Crop drought index (CDI) as indicator of evapotranspiration reduction due to soil water depletion in the
root zone was calculated. According to the modeling results in 2019, water use for parsley irrigation
according to the farmer schedule was lower than to the simulation with the weather forecast (Figure 3-
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22) indicating higher crop yield reduction comparing to the potential crop productivity. Nevertheless, in
both cases, when the farmer decided by himself when and how much to irrigate or according to
recommendations based on the model predictions, the satisfied crop yield was achieved. In direct
discussion with researchers the farmer expressed his satisfaction of parsley yield. The net profit or loss
can be assess on the basis of economic analysis.

Figure 3-22. Cumulated evapotranspiration: potential (ETp), actual according to farmer irrigation (ETa
farmer) and actual according to weather forecast (ETa w.f.) simulated with CROPIRR, and irrigation doses by
farmer and modelled on the basis of weather forecast in the leaf parsley field in 2019.

The upscaling method was used to create spatial maps of irrigation water demands for two counties using
soil digital maps. The maps were produced every five days and delivered generalized information on
predicted water demands in larger scale (Figure 3-23).
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Figure 3-23. The digital soil map (left) and forecast irrigation needs for parsley in five consecutive days in the
counties of Inowrocław and Radziejów, forecast from 4.VII.2018 (right).

3.4 WP4 – Conceptualization of practical service models
In this section, the analysis process and the outcomes of the CE are presented. The survey was conducted
in different places related to the OPERA partners in order to obtain a uniform perception about Irrigation
Advisory Services.
Using face-to-face interviews, a questionnaire was submitted to 108 farmers. The request for participation
in a questionnaire was to assess information needed to improve irrigation efficiency and to adopt an
Irrigation Advisory Service for this.
The highest percentage of interviewees were from Poland with 43%, followed by Italy with 33%, then
following Spain with 16%, Netherlands with 6% and South Africa with 2%.
The major part of the participants was male. The participants differed in age according to: 33 farmers over
50 years old, 17 farmers with age within 40 – 50 year-old, 17 farmers within 30 – 40 year-old, and 8
farmers were less than 30 years old. In total 16 farmers did not respond the age question. They have an
average age of around 45 years. The youngest is 23 years old and the oldest is 71 years old. Female
farmers represent just over 15% of the sample interviewed. Their age is between 26 and 61 years and
25% of them have a degree. Instead, among male farmers, accounting for around 85% of the sample,
only 15.6% have a degree.
The form of management of farms is mainly family-run with 62.5%. A few farms are managed by
professionals (24%) while, rarely, there is a mixed management of farms between family and professionals
(13.5%).
The farms specialized mainly in the production of vegetables are 68%, followed by livestock 14%. The
utilized agricultural area (UAA) for these 108 farmers are between 0.5 ha (Polish farm) and 220 ha (South
Africa farm). The 27% of farms have a UAA below 5 ha, 33% between 5 and 10 ha, 30 % between 10 and
20 ha and 0.10 over 20 ha.
In recent years, 50% of the farmers made investments in innovation on their farms. Regarding the effects
of this type of investment on product and technological innovation and on farm organization, 44% of
respondents stated a 33% increase in production capacity. Nonetheless, investments in innovation have
not resulted in increased exports, market share or overall employment.
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Table 3-3 presents the modelling results based on the answers provided by the farmers regarding the CE.
The first column includes the attributes and the price. The model succeeded perfectly with “logical” and
consistent results.
In particular, with respect to the “reading” of the coefficients, we can say that the choices of the type of
service depend on: positively from:
i) Time length of forecasts: the more days available in the future, the more the service is chosen;
ii) Need to record water information: the longer the time interval of the need to record information
increases the more willingness to accept the service;
and negatively from:
i) Price: as the price increases, the probability of choosing the service decreases;
ii) Duration of the contract: shorter contracts are preferred;
iii) Frequency of crop monitoring availability: when the availability of monitoring changes from 1 day
to 7 or 15 days the probability of choice decreases.
Table 3-3. Modelling results.
Attribute
Price (euro / ha)
Time length of forecasts (per day)
Duration of the contract (per year)
Crop water requirement (per day)
Frequency of satellite monitoring availability (per day)
Registration (per month)
No Choice
Time length of forecasts (per day)
Duration of the contract (per year)
Crop water requirement (per day)
Frequency of satellite monitoring availability (per day)
Registration of water and data information (per month)
Time length of forecasts (per day)
Duration of the contract (per year)
Crop water requirement (per day)
Frequency crop monitoring availability (per day)
Registration of water and data information (per month)

Coef (µ)
std. err
-0.089
0.022
0.360
0.054
-0.247
0.086
-0.055
0.231
-0.034
0.013
-0.314
0.128
-0.541
0.411
Coef (σ)
std. err
-0.090
0.099
0.333
0.097
1.740
0.273
-0.036
0.019
0.494
0.139
WTP
(€ std. dev
4.11
0.28
-2.86
1.86
-0.27
16.59
-0.38
0.16
-3.58
3.00

t-stat
-4.04
6.72
-2.86
-0.24
-2.59
-2.44
-1.32
t-stat
-0.92
3.44
6.39
-1.91
3.55

p-value
0.000
0.000
0.004
0.813
0.010
0.015
0.188
p-value
0.359
0.001
0.000
0.056
0.000

Source: our elaborations

Instead, with regard to the needs of water for crops, the interviewed farmer was divided, or rather there
are those who preferred two days, whereas others preferred one day. In fact, the results on this attribute
are a bit ambiguous and probably unclear so that this attribute is not really that important for farmers,
unlike what emerged in the preliminary phase during the selection and definition of each attribute of the
service offered.
In Table 3-4, instead, the values of the average WTP, expressed in euros per hectare, are reported for
each of the attributes and, moreover, the differentiation of the same is also provided between the
different countries involved in the OPERA project.

Table 3-4. Average willingness-to-pay (WTP; € ha-1) for the different attributes and countries.
WTP (euro per hectare)
Time length of forecasts (per day)
Duration of the contract (per year)
Crop water requirement (per day)
Frequency of satellite monitoring
Registration of water and data

Italy
4.10
-2.67
8.31
-0.37
-3.94

Poland
4.09
-2.63
-4.04
-0.36
-3.41

Spain
4.05
-3.50
-10.50
-0.45
-4.25

The
4.32
-3.48
11.98
-0.40
-0.41

South
4.27
-4.01
10.20
-0.38
-5.28

Total
4.11
-2.86
-0.27
-0.38
-3.58

Source: our elaborations
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Considering the irrigation advisory service, it appears with greater evidence how the farmers of the
countries involved in the OPERA project have a different behaviour both towards the specific attributes of
the service and for the price they would be willing to pay in order to obtain it. While taking into consideration
what was said previously, it is clear from the analysis how Dutch farmers (4.32 €/ha) and those of South
Africa (4.27 €/ha) are willing to pay a higher price for ‘Time length of weather forecasts’ than farmers
interviewed in other countries, as their WTP is obviously greater than the average of the entire sample
(4.11 €/ha). Spanish farmers have the lowest WTP (4.05 €/ha). The latter, together with the Polish farmers,
also present a different attitude about the attribute "Crop water requirement (per day)". In particular, they
are not interested (in fact the coefficient takes a negative sign) to this attribute in the choice of the type
of irrigation service required.

3.5 WP5 – Project management and dissemination
Since the underlying report is primarily meant as a technical report of the scientific work performed, the
activities performed under WP5 will only be listed briefly.
•

•

•
•

•
•

•
•

•

Before the start of the project the consortium agreement (CA) (D5.2; Anonymous, 2017) was
prepared and signed by all partners. Some partners needed a signed CA in order to get final approval
of the funding.
A mid-term progress report (D5.3; Heinen and Jacobs, 2018) and the final progress report, including
the underlying final technical report (D5.4; Heinen and Jacobs, 2019a,b), were submitted in time to
the secretariat of WaterWorks2015.
The consortium had regular skype/webex meetings, as well as frequent exchange via E-mail.
In total three meetings were held where all partners were physically present and where progress
was presented by all attendees.
o
The kick-off meeting was held in June 2017 (Seville, Spain; hosted by Evenor Tech and IRNASCSIC);
o
The mid-term meeting was held in September 2018 (Bydgoszcz, Poland; hosted by ITP);
o
The final meeting was held in September 2019 (Wageningen, the Netherlands; hosted by
WENR).
The project coordinator (WENR) was present at the WaterWorks2015 general meetings: Stockholm
(April, 2017), Madrid (March, 2018), and the to be scheduled final meeting.
The OPERA project was invited to present itself at the Water JPI & FACCE-JPI Joint Workshop:
Common Vision and Adapting the Strategies of the Water & FACCE JPIs (September, 2019, Paris;
presented by partner A. Chanzy, INRA), which was well appreciated by the audience.
An extension of the project’s life-time was asked for and granted by WaterWorks2015: the end date
of the project was changed from end of September 2019 until the end of December 2019.
All partners of the consortium actively disseminated their work performed under OPERA, by
presenting oral and poster presentations, and by writing scientific and popular articles. A full list is
provided in the Final Progress Report (D5.4; Heinen and Jacobs, 2019a; major scientific publications
are also provided in Section 5.2)
A popular scientific booklet was prepared to summarize the major (technical) findings (D5.5; Jacobs
et al., 2019) as described above. The booklet provides a brief overview of the project case studies,
developed approaches and innovation, and a synthesis obtained from the pilot experiments.
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4 Conclusions & Recommendations
The OPERA project has shown that it is possible to work on an irrigation challenge of shared interest with
an interdisciplinary group of researchers from different EU countries and South-Africa. In the proposal two
major lines of research were proposed, divided into four work-packages. The foreseen field (case) studies
have been successful in their operation (WP2, WP3). When writing the project proposal the different case
studies were put-in mainly because of on-going research and existing expertise of the different research
groups. This would lead to an efficient use of limited resources. This was also explained at the
WaterWorks2015 kick-off meeting and mid-term progress meeting, where the review committee wondered
if it would have been possible to test one common method at all the different study sites. It would cost a
lot of time and investment to prepare new field infrastructures to harmonize testing of one method at each
field test site: this could not have been achieved within the 30 months project life time and the available
budget. Now we have finished the project, it became clear from the answers from the stakeholder
workshops and interviews that there seems to be not a single action or wish-list among the different
countries involved in this study (WP1, WP4). This would also mean that it may not be likely that a single
casus can be defined that would answer all the different problems in the different countries.
In the following sections the major conclusions and recommendations for the four respective work packages
are given (more detailed conclusions may be found in the corresponding deliverables).

4.1 WP1 – Identifying sector needs
The analysis per country provides results from practice for identifying the needs and demands from the
stakeholders.
The results show that different actions need to be implemented for cases studies. There is not an only one
action for everyone.
South Africa and Poland farmers prefer an increase in the size of their farms in order to increase their
competitiveness. Improving marketing strategies was selected by farmers from France and South Africa.
Farmers from Italy, Spain and South Africa demand more training for their staff while farmers from the
Netherlands prefer to improve the sustainability of the production processes.
More similar results were obtained in the barriers identification for water efficiency and adopting alternative
crops. Farmers from each country involved identified the (investment) cost of sensor as the main barriers.
In addition, administrative barriers were identified (time to obtaining water intake permit and lack of
agility). Mainly, the uncertainty of prediction market demands and the infrastructure costs were identified
as the main limitations to adopting alternative crops.
Regarding the availability of stakeholders showed that meetings (workshops) must be confined to one
single day. Also, particular care should be addressed to the timing of agricultural field operations in order
to have farmers’ presence. The date of the workshop must be selected carefully, in the case of Spain, the
second workshop was cancelled due to storms and the farmers could not attend. However, they were open
to participate and provide information by phone.
It can be concluded that workshops are not always the best way to assess user needs: in some cases, the
surveys were not completed by all stakeholders, and separate, follow-up interviews proved to be more
effective. The already existing relationship between the research group and the stakeholders, allow to
design the best way to organise the interactions to achieve the objectives.

4.2 WP2 – Forecasting water availability and critical water demand
The innovations introduced in the OPERA project mainly concern the estimation of crop water needs for
optimal irrigation and a good distribution of water resources in shortage conditions. The assessment of
water quantities is generally made to assess crop water needs in optimal conditions. The issue of deficit
irrigation is only addressed in the method developed by IRNAS-CSIC on olive orchard irrigation (Spain).
These methods must then be based on an assessment of the consequences of water shortage on production
which remains challenging. In the case of the IRNAS-CSIC method this was done by an ecophysiological
approach based on the coupling between photosynthesis and transpiration.
Among the innovation levels considered at the time of the project's proposal submission (remote sensing,
crop modelling, meteorological forecasting and in situ sensors), sensor-based irrigation management was
the least developed. This approach has not been the subject of recent technological breakthroughs. Existing
methods still face the problem of the spatial representativeness of sensors (spatial variation; calibration)
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and the constraints of sensor implementation. The reduction in sensor costs and connecting these sensors
to other information (e.g., models) could support new innovations in the future.
OPERA has been able to benefit from a technological breakthrough offered by the SENTINEL satellite earth
observation mission, which makes it possible to develop new applications based in particular on the high
temporal frequency (potentially every 5 days). In addition, the exhaustive spatial coverage and the free
access to images offer guarantees for the development of operational services. Most of the methods are
based on the dynamics of leaf cover allowing:
─
─
─

to directly characterize the water requirements by linking the crop coefficient kc to the vegetation
index (method 1 - NDVI-CW; Evenor, Spain)
assimilate the LAI in the AQUACROP model to better understand the development of the cover
simulated by the model (method 5 – IRRICROP; UNIFI, Italy)
improve the classification of irrigated cropping systems by analysing foliar development over the
entire cropping cycle (Method 6 -INRA, France). In this method, an original development was
made to determine some characteristics of water supply in the case of gravity irrigation.

The use of soil-crop modelling is the second innovation level. Modelling makes it possible to synthesize
climate, agricultural practices and soil and thus to take into account the role of soil, which plays a buffer
role against climate variability through its water storage capacity. In addition, because crop models are
climate-driven, they are well suited to integrate weather forecasts. The main difficulty of these models
remains the determination of the input parameters, which are numerous and can have a strong impact on
the results. However, the development of spatial product soil, cropping systems, and climate, all being
reinforced by the widespread use of remote sensing, can make it possible to implement them within an
operational framework that requires parameters to be determined everywhere. In the OPERA project,
methods 3 (WENR, the Netherlands), 4 (ITP, Poland), 5 (UNIFI, Italy) and 6 (INRA, France) are all based
on soil-crop models. Their implementation in the project shows on some verification points that the models
satisfactorily simulate the dynamics of water in the soil. The challenge now is to verify in a much more
exhaustive way the robustness of such models implemented with easily accessible spatial information
layers. Such verification is necessary to give credibility to the results and thus convince farmers to use
such approaches. We can note the intermediate approach developed in method 2, where water needs and
the consequence of hydric stresses are represented by a mechanistic model of stomatal conductance while
soil control is indirectly derived from observations given stress sensors such as the measurement of the
turgidity pressure of certain plant organs (stem, trunk, fruit).
Finally, we can highlight the use of weather forecasts that are nowadays easily accessible at spatial scales
of interest. While potentially all the methods developed in OPERA could include them, the quality of these
forecasts and the uncertainties apprehended by ensemble approaches have only been analysed within the
framework of methods 3 (WENR) and 4 (ITP). These temperate climate assessments highlight uncertainties
about poorly predicted precipitation over a few days. The representation of the uncertainties generated
using ensemble forecast illustrates the uncertainties and their degradation when considering longer time
windows. However, the median seems to be a reasonable estimator.
Perspectives: the work carried out in WP2 was focused on proof-of-concept. It is now necessary to build
systematic evaluation strategies to demonstrate their robustness and improve their credibility with
potential users. One of the main areas of progress lies in the combination of model/remote
sensing/sensors.

4.3 WP3 – Guidance for optimal irrigation water strategies (case studies)
The inputs to the models and methods developed in OPERA covered domains such as: the weather
conditions and forecast, the soil water properties, the crop characteristic, and additionally land use and
agricultural practices. The quality of these inputs is important for irrigation advisory systems. The outputs
of the models developed within OPERA may be useful to support farmers in their decision making of when
and how much to irrigate.
In the OPERA case studies, irrigation water amounts used by farmers were, in general, less efficient for
crop yield than estimated using mathematical models and remote sensing based services.
The field testing has shown that additional devices, as rain gauge and soil moistures sensors as well as
recognition of soil water properties could be a valuable support toward decision making in irrigation.
Results show that precipitation forecast in general has the lowest predictability among the main weather
parameters. However, during long lasting dry periods or rainfall shortages accuracy of precipitation forecast
is higher. This was experienced in the Dutch and Polish case studies. Precipitation amount has high impact
on soil water content and operational assessment of irrigation needs. Accurate forecast of this parameter
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can result in more precise prediction of crop water demands for next few days. As indicated in the Spanish
case study, predicted duration of hot wave days is also important, especially to avoid under-irrigation.
Detailed forecasts should be paid for, but may save water.
The current widely used method to estimate irrigation demand is based on the crop coefficient method.
This is unsatisfactory for precision agriculture and deficit irrigation strategies due to its empiricism. The
alternative approach proposed and tested by the Spanish partner is based on the estimation of leaf area
and stomatal conductance. These two variables are the two main unknowns of the Penman-Monteith
equation that describes the plant transpiration.
For operational irrigation purposes, especially in case of grasslands and frequently harvested crops within
the growing season, modifying the values of empirical crop coefficients with the support of remote sensing
techniques can help in better estimating actual water requirements and consumption. This also concerns
other crops (e.g. arable crops, orchards, vineyards). Crop coefficient is directly related to actual
development stage that varies between the years, what is well reflected by remote sensing.
Since the satellite image delivers spatial information on crop growth conditions, the integration into a crop
model can help in assessing crop water requirement at field but also in larger scales ((e.g. catchment,
region). Satellite images can help water managers to recognize irrigated orchards and vineyards and
determine flooding patterns from irrigation on grasslands as was indicated in the French case study.
The combination of information technologies (mathematical modelling, in-situ soil or plant sensors,
ensemble weather forecasts and remote sensing) create the possibility to get more precise estimation of
water demands and improve efficiency of irrigation water use in a field and larger scale.
Additional practical recommendations:
Water balance and crop models allow to estimate crop water requirements based on selected threshold of
water content in the root zone depletion. Such threshold according to the literature depend on kind of crop.
For majority of crops irrigation should be applied when the threshold of 50% depletion of readily available
water is reached.
Both when irrigating on the basis of modelling or soil moisture sensors readings we recommend to
recognize physical-water properties of soils in the farm.
Since weather forecasts are uncertain, it may be of help to consider ensemble weather forecasts as
suggested by Dutch partner. In this way decisions to be taken by the farmer or water distributor can be
done with insight in the uncertainties of evapotranspiration demand and of expected rainfall. If only
average weather forecasts can be used then from the current study it appears that predictions more than
a week ahead may be too uncertain to rely on.
Sentinel-2 images and remote sensing based platforms (e.g. IRRISAT and FruitLook) can be used as a
support for irrigation decision making as it was indicated by Italian and South African partners. In special
cases the unmanned aerial vehicle (UAV) can be used but at the moment drone flights and images analysis
are costly.
OPERA case studies have shown that best results on estimation of crop irrigation needs could be obtained
by combining different information technologies. Usage of different (at least two) information technologies
can result in increased accuracy of irrigation demands prediction.
Using these combined information technologies allows to up-scale the results from field into larger areas
using digital soil maps and land use classification based on remote sensing.
It is important to maintain direct communication between research (model developer) and farmers to
validate the predictability of the methods in practical use.

4.4 WP4 – Conceptualization of practical service models
During the last years the environmental risks link to the water in agriculture are increasing. Droughts are
common in Europe during the cropping seasons, floods are common in different areas of the central and
north Italy especially during spring and autumn seasons, and the latest events that took place during this
last summer (2019) show that Spain (and other areas of the EU) are not immune to these environmental
catastrophes. Furthermore, management of water is currently being challenged by population growth and
urbanization, climate change, and increased water withdrawals for agriculture. In this context it becomes
difficult to find the right balance between the needs of agricultural and urban water uses, guaranteeing an
adequate supply for all uses, and maintaining stocks and flows for environmental needs. Currently, tourism
industries, environmental groups, electrical companies and many other stakeholders who have an interest
in the water resources for their activities are challenging agricultural interest claimed to share of the limited
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available water. In this context, the farmers’ preferences concerning drought response plans and
competition for the use of water resources are important for managing water demand.
To deal with this complexity, water resource managers often rely on decision support tools (including
hydrological models) but, water resource management also requires an improvement of water use
efficiency which, in its view time, it should be one of the most important drivers for research and innovation
in irrigated agriculture. In response to the emerging needs of stakeholders (farmers, land reclamation and
irrigation consortia, extension services, distribution sector, etc.), irrigation advisory services (IASs) for
optimizing water management have shown rapid growth in different areas. In fact, the introduction of IASs
could progress irrigation practices and water efficiency, in advance an economic benefit for farmers while
also reducing environmental responsibility.
In environmental terms, more inclusion and adoption of advisory systems for irrigation could provide an
improvement of irrigation management with clear benefits in terms of sustainable use of water resources
in agriculture and production related to them.
In economic terms, the increase IASs for the appropriate management of water resources could contribute
to a substantial reduction of the energy prices linked with irrigation. The effects of careful irrigation
management can be successful in terms of increasing the income of farmers and to diminish the energy
costs incurred by the managing bodies of water resource in the field.
The analysis of the demand for irrigation advisory services and SWOT analysis conducted in this study has
provided a suitable framework to correctly understand why farms do not utilize IASs.
However, the concentration of population over 65 years is very high in rural areas, and increases in time
(Trapasso, 2009). The aging population is a national trend. For example, in Italy as at 1th January 2019,
the population over age 65 represent 22.8% of the total population. The ratio between this population and
the population of 0-14 years, multiplied by 100 (old age index), in 2018, was equal to 168.9. The high age
of farmers and a minimum education among farmers difficulty entails the transfer of information developed
by the IASs. Therefore, it is necessary to develop efficient systems of communication that go by on the
information generated by irrigation services to farmers.
The level of adoption of the IASs is still very limited to ensure effective support to environmental and
economic sustainability. This could be achieved with a greater availability of technical assistance for
irrigation in rural areas. A deeper presence of technicians in the area may help to increase the
understanding of farmers on the real economic and environmental benefit from this kind of agricultural
assistance.
Given the scenario in which we find ourselves in irrigation management, it becomes important for policy
makers to understand the economic value that farmers will attribute to irrigation water as well as the
factors that influence these values. To this end, the analysis of the preferences of the farmers we performed
plays a crucial role. In fact, the choice experiment (CE), which represents a quantitative method for
assessing various factors that influence choices, represents a very interesting method for both researchers
and policy makers, because it provides quantitative information on the relative importance of the various
features of the services that influence the service choices for farmers, as well as trade-offs between these
factors and the likelihood of using defined services. One of the advantages of using this analysis
methodology is represented by the fact that it goes beyond traditional qualitative evaluations and provides
quantifiable data that can better guide the selection of the most appropriate business strategies to “sell”
the service offered and, moreover, provide an assessment of the strength of the preferences expressed by
the interviewees, as well as the probability of using the service itself. The information thus gathered is a
valid aid for political decision makers who need and want to implement the right water resource
management policies in order to ensure their sustainable and efficient use.
The methodology of economic evaluation by using CE has allowed to estimate economic of farmer’s
acceptance and adoption of irrigation water supply management policies “regulated” by the adoption of
advisory system (IAS) for irrigation. In particular, on the basis of the trade-offs that respondents make
among attributes and using CE method, we managed to estimate the mean willingness to pay (WTP) value
(implicit prices for irrigation advisory service) of the proposed improvements in irrigation (IAS) for the
whole sample. Therefore we found that people place significant positive values, which means that they are
willing to pay for the service described in the questionnaire. It is possible to use these estimated economic
values to design pricing policy which accounts for the different attributes and countries of the farmers.
The OPERA results, obtained through the econometric models, showed that farmers are actually willing to
pay to introduce an irrigation support system that results in an economic advantage over their current
situation. The willingness to pay changes per country of origin.
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Implicit prices estimates enabled us to measure the non-market benefits that would arise from an
improvement in the water use efficiency and productivity. Then using estimates made, we will carry out a
cost-benefit analysis of the IAS.
There are important policy implications for our results. The results, in fact, suggest that the policy makers,
rather than following conventional command-and-control method of irrigation management, will have to
take into account the preferences and associated WTP values of the farmers in a meaningful way while
formulating irrigation policies.
Finally, it is necessary to propose and support at the government level for the adoption of innovative
irrigation assistance. This activity should be pursued through the integration of functions and powers of
the different stakeholders at the public level. Moreover, improve communication within the systems are
served by the IASs, one could argue the greater involvement of associations in the agricultural world that
often have affiliated farms that do not fall within the areas covered by land reclamation and irrigation.

4.5 WP5 – Project management and dissemination
The project has been implemented successfully. This was mainly due to the large commitment of the
scientists involved, and the shared interest to test ICT methods for irrigation practice and exchange
experiences. As each country built upon already existing research in their area (i.e. use of existing
infrastructure, calibrated models), an efficient use of resources was made. In that sense OPERA built upon
complementary experiences across Europe and South Africa.
The insights from the case studies allowed to integrate experiences from the various climatic zones in
Europe and South Africa. The exchange of practical pilot results from the different countries was useful,
even if it does not result in ready-to-go solution that can be used for all sites. The involvement of one of
the top research universities in South Africa (Stellenbosch) and sharing their experiences with EU partners
allowed interesting insights.
Due to an experienced Project Coordination team and Work Package leads, the activities were performed
in a structured, well planned manner. Regular progress meetings were organised (either plenary or WP
leads) and the physical gathering in various countries (Spain, Poland, Netherlands) proved useful to view
some of the field experiments.
In the course of the project team, the team got more familiar with each other which made collaboration
more easy. Therefore the team has a strong wish to continue collaboration, and efforts are ongoing to
identify suitable funding for that. While each case study area is dealing with its own characteristics, it was
clear that there are clear common challenges (water shortage, climate extremes) providing a common
ground to continue to work on solutions.
It is important that the results obtained are more widely shared with stakeholder networks in the countries,
and for some cases translations are ongoing to local languages.
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