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There are more things in heaven and earth, Horatio,
than are dreamt of in vour philosophy

(Shakespeare, “The tragedy of Hamlet, Prince of Denmark”, Act I, Scene V)
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Propositions (Stellingen)

Whenever you can measure what you are speaking about and express
it in numbers, you know something about it (Lord Kelvin, 1824-1907)

Rational use of water resources in agriculture requires a combination
of deeper knowledge of the physical processes involved in the
management of irrigation and suitable monitoring techniques (¢his
disseriation)

A perfect simulation cannot substitute reliable measurements of
comparable costs and quickness (this dissertation)

Measurements of reflection coefficient may give useful estimates of
leaf growth without destructive sampling (J.L. Monteith, 1957, Annual
Report of Rothamsted Experimental Station)

Remote sensing is a valuable source of information in the application
of distributed agrohydrological simulation models (¢his dissertation)

Mapping actual evapotranspiration at regional scale is of limited
support in the estimation of water demand for irrigation (this
dissertation)

Farmers’ behaviour introduces an erratic component in the simulation
of irrigation systems operation (this dissertation)

Irrigation water is not yet fully considered as an economic good
subject to the rules of economic market, even in areas with serious
water scarcity (this dissertation)

As the complexity of a system increases, our ability to make precise
and yet significant statements about its behaviour diminishes until a
threshold is reached beyond which precision and significance become



almost mutually exclusive characteristics (L.A. Zadeh, 1973,
Memorandum ERL-M 411, Berkeley)

10. Difficult professors, boring textbooks, voluminous prior work
scattered in numerous references, dissertation committees and lack of
funding are fog-shrouded barriers to scientific progress (D. Hillel,
1998, Environmental Soil Physics, Academic Press)

11. Dutch people do not merely meet; they confront each other
(C.Noateboom, 1984; In the Dutch mountains)

12. You can certainly find more ideas during a sailing cruise than
navigating the Intemet

13. Sometimes a good simulation is better than a bad action

14. Children need models rather than critics

Propositions (Stellingen) attached to the thesis:
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D’Urso G., 2001. Simulation and Management of On-Demand Irrigation Systems: A
combined agrohydrological and remote sensing approach. PhD thesis, Wageningen
University, Wageningen, The Netherlands, 174 p., English, Dutch and Italian summary

Rational use of water resources in agriculture requires improvements in the efficiency of
irrigation. Many irrigation systems, particularly in Mediterranean regions, have been
erthanced by replacing open channel conveyance systerns with pressurised pipelines. This
allows to provide water on-demand. Increased demand of water for civil and industrial
uses and a progressive reduction of available water resources compel a more efficient use
of imrigation water. To achieve this goal irrigation managers need to understand and to
monitor the processes which determine the operation of an irrigation system.

In this thesis a procedure integrating the agrohydrological aspects of irrigation with
hydraulic and management aspects has been developed. The procedure named SIMODIS
(SImulation and Management of On-Demand Irrigation Systems) is based on the
integration of different tools such as agrohydrological and hydraulic simulation models,
remote sensing and GIS techniques.

An irrigation system is described as a set of elementary units (e.g. individual fields)
connected by the pressurised conveyance system. The spatial distribution of soil water
deficit in each unit is computed daily by combining the soil water model SWAP with
occasional satellite-based estimates of crop water requirements. A methodology has been
developed to obtain spatially distributed input data for the soil water model SWAP i.e. the
soil hydraulic properties and the upper and lower boundary conditions.

Multispectral satellite images are used to map the crop coefficients needed for the
definition of the SWAP upper boundary condition in each elementary unit of the irrigation
district. Two different approaches have been proposed. The first is based on classification
techniques, where clustering algorithms are applied to derive the spectral classes
corresponding to different crop coefficient values. In the second approach, the crop
coefficient is analytically related to the canopy variables determining the potential
evapotranspiration i.e. leaf area index, surface albedo and crop height. At-surface
directional spectral reflectance are used to estimate these canopy variables from which the
value of crop coefficient is calculated.

The spatial distribution of farmers’ water demand is derived on a daily basis from the soil
water deficit according to predefined imigation scheduling criteria. Before applying this
farmers’ water demand distribution for the given day, the SIMODIS procedure assess
whether water demand is consistent with the available amount of water resources and with
the structural and operational constraints imposed by the conveyance and distribution
system. For this purpose a steady-state simulation model of pipeline hydraulics is used in
SIMODIS. The final distribution of farmers’ water demand is then resulting from a three-
tiered adaptation of irrigation schedule considering: i) the limitation of flow rate at delivery
outlets, i) the limitation of available water resources, iii) the required minimum hydraulic
head at the delivery outlets.

The procedure SIMODIS has been applied in the Gromola irrigation district of
approximately 3000 ha in southern Italy. Measurements of irrigation volumes were used to
identify the parameters driving irrigation scheduling. Irrigation efficiency indicators were
calculated from the spatial distribution of actual transpiration rates and of the
corresponding irrigation volumes applied. To illustrate the use of SIMODIS in support of
irrigation decision making, alternative scenarios of water management were simulated and

compared.



Preface

Many times, during the years spent on this book, I have been thinking of
the moment when I would have been ready to write this preface. The completion
of this type of work marks a clear delineation in the career of a researcher, and
sometimes it is also the opportunity to take stock of the experiences during the
past years.

In some cases, including mine, the personal experience of the
“promovendus” is tightly connected to many, long steps leading to this final one.
Along this tortuous path the “promovendus” has unique opportunities to meet
many people that not only enrich his scientific knowledge but also his human
experience.

This is definitely what happened to me.

It wouldn’t have been possible to carry out this thesis without the continuos
support of my promoters, Prof. Dr. Ir. Reinder Feddes and Prof. Dr. Massimo
Menenti. The chance to meet these outstanding scientists has been an invaluable
experience. Every meeting with them has always been an intense moment of
enthusiastic discussions, with new ideas and great improvements to the
manuscript. I would like to express to both of them all my gratefulness for their
patient guidance during these years.

Once back in Italy, to continue this work, I have always found in Prof.
Alessandro Santini, the passionate encouragement, made of fruitful suggestions
and precious scientific comments. Without his advice, either during the field
activities and during the writing of the text, it would have been much more
difficult to bring to completion this work.

There are many persons that helped me in many ways while in
Wageningen. With all of them the professional contacts have turned into a sincere
friendship.

I would like to remember my friend Ir. Peter Brussel, who first introduced
me among the people of several research Institutions in Wageningen and made
possible the first contacts with my future promotors.

Drs. Cecilia Stanghellini has not only tried to ensure always a pleasant stay
in Wageningen for me and my family members but she has often contributed to
the scientific discussion, during perfectly organised Italian dinners.

I would like to thank Dott.ssa Susanna Azzali who introduced me in the
study of image processing techniques and helped me in the early organisation of
the work,

Special thanks are addressed to Drlr. Erik Quemer, for his valuable
support in the application of regional groundwater flow models, to Dr. Wout
Verhoef for the help given in the atmospheric correction of Landsat TM images
and to Dr. Jos van Dam for his suggestions on the use of SWAP.



During my work in Italy, great support in the elaboration of soil
hydrological data was given by Dott. Angelo Basile of CNR-Irrigation Institute
(Ercolano, Italy). I wish also to thank Mrs. Paola Di Fiore of the Department of
Agricultural Engineering and Agronomy at the University of Naples “Federico II”
for her assistance in the soil hydraulic characterisation and Dott. Ugo Lazzaro for
the continuous collaboration in the field work.

The technical staff, the Director and the President of the “Consorzio di
Bonifica di Paestum” offered their patient collaboration in the organisation of
field campaigns.

The fruitful collaboration of Dott. Maurizio Buonanno in setting up the GIS
techniques for the case study and the competent dedication of Ing. Massimo
Nicolazzo and Pasquale Eduardo in the development of the software are gratefully
acknowledged.

Finally, I have been pleased that Ir. Claire Jacobs and Ir. Martijn Boss
accepted the role of “paranimfen” and I warmly thank them for their friendly
assistance in the last steps of this experience.




List of Symbols

Some of the symbols used in few consecutive equations falling outside the mean
argumentation, are defined in the text only

Symbol Interpretation Unit
A irrigated area ha
A normalised thresholding index -
j E pipeline loss factor s’ m’
| c,  specific heat of air Jkg'K'
| Cs;  ratio G/Q° -
CP global performance indicator for classification -
d day d
& sun-Earth distance a.u
D pipeline diameter m

D, Mahalanobis distance -
DN quantum radiance -

e, air vapour pressure kPa
és saturated vapour pressure kPa
E actual evapotranspiration rate cmd’
E,s  reference evapolranspiration rate emd?
E.;  mean annual reference evapotranspiration cm
E, potential evapotranspiration rate emd’
E; soil evaporation rate cmd?!
E,, potential soil evaporation rate emd’
E,  extraterrestrial solar irradiance W m?*
f irrigation flag for tertiary units -
G heat flux density into the soil W m>
h soil water pressure head cm
h, crop height m
Reri threshold soil pressure head for irrigation starting cm
hydraulic head (network) m
Hoin minimum hydraulic head at outlet of irrigation network m
i subscript for the primary unit level -
Lj subscript for the secondary unit level -
Lk subscript for the tertiary unit level -
i soil water deficit imrigation fraction -
I irrigation water volume m’
I irrigation flow rate per unit soil surface, net of interception cmd?

JM Jeffries-Matusita distance -
JM"  normalised separability index -
k soil hydraulic conductivity cmd?
k, soil hydraulic conductivity at saturation ‘ cmd?!
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Fleafmin
R
Re
RH

global incoming short-wave radiation flux density
reflected solar radiation flux density

crop coefficient

pipeline length

net incoming long-wave radiation flux density

leaf area index

solid mass fraction of soil

van Genuchten parameter for soil water retention curve
probability

atmospheric pressure

precipitation rate

mean annual precipitation

net precipitation rate

pipeline flow rate

discharge of outlet in the irrigation network

net radiation flux density

surface albedo

planetary albedo

planetary reflectance at wavelength A

aerodynamic resistance

canopy resistance

minimum canopy resistance

minimum stomatal resistance for unit leaf area

particle radius

Reynolds’ number

percentage of air humidity respect to saturated conditions
slope of vapour pressure-temperature relationship
fractional vegetation cover

sink term for root water extraction

soil water saturation degree

stress factor

duration of irrigation application ref. to hydr. network
actual transpiration rate

actual transpiration rate without applying irrigation
surface temperature

air temperature

potential transpiration

wind speed, measured at height z .
water flux density through the lower boundary of soil profile
water flux density through the upper boundary of soil profile
variance-covariance matrix of reflectance of a spectral class
vegetation index

vegetation index for bare soil

cmd’

cmd?!




VI.. vegetation index for fully covering canopy -
Vees  daily available volume of water resources m’
Vror  cumulative seasonal trrigation water consumption m’
Wy weighting factors for solar extraterrestrial irradiance -
w specific soil water storage cm
Wa specific soil water storage at beginning or irrigation season cm
WDVI  weighted difference vegetation index -
WDVI,, weighted diff. vegetation index for fully covering canopies -

X vector of reflectance values for a single pixel -

z elevation cm
7R thickness of rooting zone cm

o root extraction function -
o extinction coefficient for LAJ estimation -
Ove van Genuchten parameters for soil water retention curve -

B extinction coefficient for solar radiation through canopy -

¥ psychrometric constant kPaK*
r soil refraction index -

Fe) soil water deficit cm
AW  soil water storage variation cm

£ firigation efficiency indicator -
£, apparent soil permittivity -

n farm irrigation efficiency -

) observation zenith angle rad
®  sunzenith angle rad

g soil water content m'm’

A latent heat of vaporisation of water Tkg'!

A wavelength nm
AE latent heat flux density W m*
A pipeline friction coefficient -

i mean reflectance vector of a spectral class -

P soil bulk density kg m>
Pa air density kg m”
0 canopy reflectance in the infrared band -

o soil particle density kg m”
or canopy reflectance in the red band -
Psi soil reflectance in the infrared band -
0sr  soil reflectance in the red band -
i surface reflectance at wavelength 4 -

()] pore radius cm

[ groundwater table depth cm




o observation azimuth angle rad
v empirical factor for retention cuive -
W pipeline internal wall roughness m
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1 Introduction

1.1  Needs for improved management of on-demand irrigation systems.

World-wide 70 % of the water resources depletion is due to agricultural
water use; irrigation systems however operate with an average overall efficiency
of 37% (Postel, 1992). Unrealistic designs, rigid water delivery schedules and
operational problems are among the principal reasons for the poor performance of
irrigation systems (Plusquellec et al., 1994). Rangeley (1986) estimated that 150
million hectares, corresponding to 50% of the total irrigated area in the world,
need some form of modernisation. For this reason, the modernisation and
rehabilitation of imrigation systems is one of the most important challenges to
address water scarcity in agriculture. In the future, it is possible that public
investments in irrigation will be more and more devoted to the improvement of
conveyance and distribution systems rather than to the expansion of irmigated
areas.

In Italy and other Mediterranean regions, the rehabilitation of irrigation
systems has been carried out by transforming the open-channel schemes into
pressurised pipeline networks. Almost the total irrigated area in Israel, Cyprus and
Jordan is now served by pressurised networks (Tuijl van, 1993) and pilot projects
have been undertaken in Egypt (Mankarious, 1991). This modernisation may
greatly enhance the overall efficiency of the irrigation systerns, with tangible
benefits for crop production and water conservation (Merriam et al. 1986; Battikhi
et al., 1994),

In the southem regions of Italy pipeline pressurised networks convey
irrigation water to 378 412 hectares, corresponding to 66.8% of irrigated area
(Fig. 1.1). The modernisation of irrigation networks in southern Italy occurred
particularly during the 1970-80°s (Indelicato et al., 1981) and has produced a
radical transformation of the traditional rural economy into a highly specialised,
profit-making agriculture. In most cases, the “on-demand’ method for water
distribution has been adopted in substitution of the old rotational schedule.

On-demand schedule is the most flexible system for delivering irrigation
water, because in principle there is no restriction on water use by farmers.
According to the definition of Reploge and Memiam (1980), the on-demand
schedule does not limit the frequency, rate and duration of irrigation water
applications. This degree of flexibility would require large capabilities of the
irrigation system in terms of water storage and pipeline diameter to meet
theoretical peak demand.
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Fragtion of irrigated area
served by pressurised networks
s 78 - 64 %
- 8%
- B2%
- 46 %
- 30%
- 14 %

Fig. 1.1 Importance of pressurised irrigation networks in Italy. Each dot
corresponds to 2000 hectares served by pipeline distribution networks.

By limiting the maximum flow rate diverted to each outlet, the construction
costs may be reduced and an excessive depletion of water resources be avoided.
The resulting distribution system is called “limited rate on-demand” schedule
(Merriam, 1987).

More recently, many modernised irrigation arcas have experienced an
increase in the demand of water for civil and industrial use and a contemporary
reduction of water availability for agriculture. Therefore, irrigation agencies and
farmers’ associations have been asked to further improve the efficiency of their
irrigation networks and delivery systems by means of a more rational use of
limited water resources. :

Actual management of water resources for irrigation is thus a compromise
between the strategies of irrigation agencies and regional policy. Environmental
concerns and different water uses are the main aspects on one hand, and the actual
farmer water needs, related to crop production, on the other.

In an on-demand irrigation system, these two management levels are
strictly connected. Hydrological and agronomic conditions at farm level determine
the spatial and temporal patterns of farmers’ water demand. At the same time,
water demand has to be adapted to match the structural capabilities of the
conveyance and distribution network. Thus, the ‘irrigation system’ becomes very
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complex where water management has economical and technical constraints both
at farm and scheme level. If water shortage conditions occur frequently, the
flexibility of on-demand irrigation systems may collapse. Without timely and
expert management, the expected revenues of capitals invested for the
rehabilitation of irrigation systems may be substantially reduced (Schul, 1982).
Therefore, irrigation managers are urged to foresee the failures of (part of) the
system and to formulate ways and means to overcome such failures. To achieve
this task, irrigation managers should be able to evaluate the water demand in
relation to the actual availability of water resources and the capability of the
conveyance system. This evaluation should be carried out in accordance with
some criteria of water use efficiency (Burt et al., 1997).

The spatial distribution of farmers’ water demand depends on crop water
use, which results from physical processes, related to soil and climate, and from
the behaviour of farmers, which can not be exactly defined a priori. Farmers’
irrigation criteria do not necessarily meet the same rationale of irrigation
managers. As long as farmers’ demand is compatible with efficient usage of
water, irrigation managers should be able to fulfil this demand in time and space,
taking into account the available water resources and delivery structures. In the
contrary case, any usage which is not beneficial for crop production should be
avoided.

In this context, the use of ‘decision support tools’ may significantly
enhance the management of on-demand irnigation systems. In general terms, a
*Decision Support System' consists of hardware and software instruments for
monitoring a set of variables which determine the behaviour of a complex system
(diagnosis) and for evaluating the systern response following interventions
(prognosis).

The general requirements of a Decision Support System for water
management purposes can be found in Rey et al. (1994). In most cases, the core of
such a system is an antomated procedure for simulating the rclevant processes
governing the system. Advanced technical tools are nowadays available for
monitoring and simulating the different physical processes involved in an
irrigation system. These tools can be used in an integrated way for simulating the
operation of on-demand irrigation networks.

1.2 Towards an integrated approach for the simulation of on-demand
irrigation management.

Different types of procedures for supporting the decision making process in
irrigation management are proposed in literature. In the analysis of water
resources systems, many procedures are based on multicriteria optimisation
techniques (Bogardi et al., 1994). These methods have shown their potentiality in
the definition of optimal allocation of irrigation water in basins with conflicting
water uses or limited resources (Ilich, 1993; Thiessen et al., 1994; Hongyuan et
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al., 1994; Burton, 1994; Hannan et al., 1995). Several applications for irrigation
water management at scheme level have also been described (Menenti et al.,
1992a, 1992b; Morales et al., 1992; Teoh, 1997). Many different variables
concerning social and economical indicators can be included in the optimisation,
and alternative strategies for water allocation can be ranked accordingly to pre-
defined criteria. Because of their computational complexity, these models are
however mainly suitable for macro-analyses of large water resource schemes
(Kularathna, 1992) and a detailed description of water demand at the farmn scale,
as required for simulating the operation of on-demand irrigation networks, cannot
be achieved easily. This latter issue is therefore a strong limiting factor for the
application of these models for on-demand irrigation management.

Traditionally, in the design of on-demand irrigation systems, the
distribution of water flow rates is considered as a stochastic variable. The
probabilistic model proposed by Clement (1966) is still widely used to estimate
the peak flow rate in an irrigation pipeline connecting several delivery nodes
having the same flow rate. The irrigation requirement per unit arca and a
‘coefficient of usage’ are fixed design parameters. Under these assumptions the
probability of operation of a single delivery node is proportional to the
cormresponding irrigated area. Crop and farm characteristics are not considered in
the stochastic model. The number of delivery nodes simultaneously operating is
modelled by means of a normal distribution while the design flow rate can be
related to a probability level. It has been shown that the value of the coefficient of
usage is a critical parameter to assess the degree of flexibility of the network and
its value should be carefully evaluated for a reliable design (Lamaddalena et al.,
2000).

On the same approach, a different methodology has been proposed by
Abdellaoui (1986) and -Ait Kadi (1990). Instead of the number of nodes, the
physical characteristics of each farm served, i.e. crop and soil type, farm extension
and irrigation efficiency, are considered as stochastic variables. The number of
fields to be irmmigated and the corresponding water amount are determined from soil
water budget calculations. Queuing theory is then applied to reproduce the
temporal variability of irrigation water flow rate in each node of the conveyance
network within each day. This approach introduces the water balance among the
factors influencing the operation of the network, but the spatial distribution of
water demand is still estimated in a stochastic way. The model may become
computationally heavy and so far has never been applied to real situations.

With the availability of new technologies and a better understanding of the
physical processes involved in the different components of an on-demand
irrigation system, we can describe the operation of such system in an integrated,
deterministic way. The approach proposed in this study aims to the definition of a
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decision support tool for the operation of on-demand irrigation systems which
describes the following aspects of irrigation:

— spatial and temporal variability of soil water deficit
— spatial and temporal variability of farmers’ water demand
— water resources availability

—  structural capability of the conveyance and distribution irrigation network.

The spatial distribution of soil water deficit is the result of the actual
evapotranspiration and it is calculated from the vertical distribution of water
content. As such it depends on a combination of agrohydrological factors. Several
techniques are available to estimate soil water content and actual
evapotranspiration at local and regional scale (Engman et al., 1995; Itier and
Brunet, 1996), but they cannot be used on a routinely basis in irrigation
management. In practice, the crop water demand can be obtained from estimation
of potential evapotranspiration and from soil water balance calculations. Often in
the estimation of potential evapoiranspiration limited information on crop
development, such as crop type and planting date, is considered (F.A.O., 1998).
This information is used to estimate the actmal canopy development from
generalised crop growth curves. A substantial improvement can however be
achieved by using remote sensing techniques. Land use patterns, crop related
variables and identification of irrigated areas can be monitored in space and time
by processing multispectral satellite images at different dates during the growing
season. Recent studies have shown how to use remotely sensed data to produce
maps of potential evapotranspiration and crop water requirements (Menenti et al.,
1990; 1995). So doing, these techniques can be applied to improve the quality of
input data to numerical models for the simulation of soil water flow. From these
models it is possible to estimate all the terms of the soil water balance, including
crop water use, as determined by the local hydrological conditions such as soil
properties, groundwater flow and the like. '

Simulation models of water flow in the soil root zone have been widely
used to improve irrigation scheduling at scheme level (FAQ, 1994). In these
algorithms, the soil water balance can be described by means of simple steady
state relationships (Smith, 1992; Teixeira et al., 1993a, 1993b; Singh et al., 1995)
or by solving the differential equations describing the transient water flow in the
soil-crop system (Feddes et al., 1978, 1988; Belmans et al., 1983; Murty et al.,
1992 Santini, 1992; Sharda et al., 1993; Garcia et al., 1995; Joshi et al., 1995).
Menu-driven procedures that enable an easy adaptation of the available soil, crop
and meteorological data sets to one of the above mentioned type of models, have
been proposed by Jacucci et al. (1994). Geographical Information Systems (GIS)
are often used for the spatial extrapolation and analysis of simulation results
(Younos et al, 1993; San-Payo et al, 1996). Usually, one-dimensional
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calculations are performed for the different crop and soil type combinations that
can be found in the area under study.

Different criteria are used in soil water flow models to establish the start of
irrigation and the optimal supply of water. In a simplified way these criteria take
into account the behaviour of crops to water siress following soil water deficit.
The irrigation criteria mentioned above contribute to establish an objective, yet
theoretical, amount of water needed for irrigation on a given day. But not only the
soil hydrological processes influence the spatial and temporal variability of
farmers’ water demand, other technical and management issues are also
concerned. They may relate to soil hydraulic properties, crop type and farm
irrigation facilities, i.e. to methods and labour availability. Management issues
relate to the irrigation habits of individual farmers and to their perception of soil
water deficit. Farmers’ habits and perception determine to a large extent the
starting time of imrigation and the gross amount of irrigation water, thus
influencing the final on-farm efficiency. Farmers’ behaviour in irrigation practice,
and by analogy the value of farm efficiency, can be related to certain farm
characteristics, i.e. the size of farm, the crop and the soil type, the availability of
machinery and man-power, as shown by Baars and Logchem (1993). Under this
assumption, the spatial and temporal variability of crop and soil properties
determines the distribution of irrigation volumes required each day.

The fulfilment of the total irrigation demand determined before depends on
waler resources availability and on storage capacities of the irrigation system. For
example, restrictions could exist on the maximum flow rate that can be diverted
from the resource or compensation volumes may not be sufficient.

Besides the aforementioned limitations, the capability of the sysiem in
meeting the water demand distribution is bound by the hydraulic capacity of the
conveyance and distribution network. The spatial distribution of irrigation
volumes previously determined can be translated in many possible flow rate
configurations. The hydraulic verification of the conveyance network can be
performed starting from the heaviest condition, i.e. simultaneous operation of all
the outlets demanding water. In case of malfunctioning, alternative flow rate
configurations may be identified which are compatible with the hydraulic capacity
of the network.

Therefore, with the availability of different tools, such as numerical
simulation models and remote sensing techniques, it is possible to create an
effective link between agrohydrological and engineering aspects for simulating
the operation of an on-demand irrigation system. The fiow of information and the
cross-checking of data between different modules can be assured by means of
Data Base Management Systems and Geographical Information Systems (GIS)
(Fig.1.2).
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Fig. 1.2 Conceptual diagram of the Decision Support System described in
this study.

These techniques may also provide the visualisation of input and output
data as maps of ecasy interpretation for the final user, i.e. the irrigation
management board. The result of the integration of hydrological and hydraulic
simulation models and remote sensing techniques is a procedure that can be used
either during the operation of an irrigation system or in the planning stage.

1.3  Overview of the thesis

The aim of this research is to simulate the behaviour of an on-demand
irrigation system by means of a combined use of remote sensing satellite data with
a numerical water flow model of the soil-crop system and a hydraulic model of the
pressurised conveyance.

The methodology described in this study involves theoretical aspects in the
fields of remote sensing, hydrological and hydraulic modelling. The conceptual
schematisation of the operation of an on-demand irrigation district are described
in Chapter 2. This schematisation has been applied for the procedure SIMODIS
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(SImulation of On-Demand Irrigation Systems) described here. The output of
SIMODIS is used to evatuate the irrigation efficiency using indicators defined in
this chapter.

In Chapter 3 the estimation of farmers’ water requirements from the
calculation of the soil water balance with the model of Dam et al., (1997) SWAP
(Soil Water Atmosphere Plant) is described. The criteria for the definition of the
boundary conditions in the model are outlined, with special concern to the
techniques for the regionalisation of SWAP. These include the knowledge of
spatially distributed parameters conceming vegetation status and groundwater
interaction, needed to define the boundary conditions in SWAP, and the soil
hydraulic behaviour. A procedure based on the use of Pedo-Transfer-Functions is
proposed for the definition of the soil hydraulic properties.

In Chapter 4, the contribution of remote sensing techniques in the
estimation of crop water requirements is discussed. Two different approaches for
mapping potential evapotranspiration are analysed. Firstly, the technique for the
definition of spectral classes corresponding to different crop coefficient values is
described (classification approach). Secondly, the possibility of using analytical
relationships between the surface reflectance and the geometrical characteristic of
the canopy, needed for the calculation of the potential evapotranspiration, is
investigated (analytical approach).

In Chapter 5, the case study developed for the irrigation district of Gromola
in southern Italy is presented. Main aspects of current irrigation management in
this area are analysed. Successively, the experimental activities and data
acquisition performed to implement SIMODIS are described. In particular, the
results of the methodologies described in Chapter 3 for the definition of the lower
boundary condition and of soil hydraulic properties in the Gromola irrigation
district are reported.

Chapter 6 reports on the application of the crop coefficient mapping
algorithms developed in Chapter 3 for the study area. A detailed description of the
different steps in the image processing is given. In particular, the methodology
applied to estimate the directional spectral reflectance at surface is described. The
results of the classification and analytical approaches for mapping crop
coefficients in the study area are evaluate.

In Chapter 7, the set-up of SIMODIS for the study area is described. The
criteria implemented in SIMODIS to estimate the spatial distribution of farmers’
water demand are described. In particular, the algorithm used to simulate the
operation and the hydraulics of the pipeline in the conveyance network is
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presented. The efficiency of the irrigation system of Gromola is evaluated by
means of SIMODIS with the support of field data for the irrigation scason 1994.

The use of SIMODIS as decision support system in the study area is
described in Chapter 8. The procedure is applied to simulate alternative strategies
of water management and to evaluate the resulting performance by means of
irrigation efficiency indicators. The impact of the reduction of available water
resources is evaluated in some detail.

In Chapter 9, the limitations and the possible future evolutions of the
proposed procedure for planning management as well as for real-time operations
of the irmigation system are discussed.

Finally, the summary and main conclusions are presented and the main
innovative issues of this study highlighted.



2 The model SIMODIS (SImulation and Management of
On Demand Irrigation Systems).

2.1  Schematisation of the irrigation network.

The irrigation water conveyance network is a hierarchic system (Fig. 2.1).
The main pipeline of the irrigation network conveys water from the main reservoir
or water diversion to each primary unit. In the case of pressurised systems, the
primary network can be branched or looped. Within each primary unit (i), water is
conveyed by means of a smaller pipeline to the different delivery devices in each
“secondary unif” (i,j). A secondary unit is a cluster of plots, or “tertiary units”,
served by a common delivery node ij of the network. A tertiary unit (i,j,k)
represents the elementary area of the system, such as a cadastral mapping unit, or
a portion of it with homogeneous soil and crop. In the schematisation adopted in
this study, each tertiary unit is described as a one-dimensional column for which
the soil water balance is modelled.

primary unit 1

secondary unit ij

; ltgrtiag unit ijk

LW

Fig. 2.1 Conceptual schematisation of the irrigation water conveyance
network as a hierarchic system.
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From the output of the soil water balance model i.e. the vertical distribution
of soil water content & and pressure head £, the soil water deficit is calculated and
the tertiary units where critical water stress conditions occur are identified. If one
could relate the soil water deficit in each unit to the water volume at the point of
delivery, the operation of the irrigation network would be easily simulated. We
should first consider three subsequent constraints:

— the outlet is able to deliver the total amount of water required I;; in each time
step;

— the total demand of water is less or equal to the available water;

— the pipelines of the conveyance nctwork are actually able to convey at each
outlet the amount of water requested.

These three conditions determine the tertiary units that can be effectively
irrigated and the corresponding amount, due account taken of the farmers’
irrigation scheduling criteria. :

2.2 Simulation of on-demand hirigation systems

To simulate the operation of on-demand irrigation systems, the link
between the soil water balance in each tertiary units of the irrigation district and
the conveyance and delivery network is shown in Fig. 2.2.

Box nr.1 represents the soil water balance from which the soil water deficit
is calculated for each day d. Potential evapotranspiration rates in each tertiary unit
Epijx are determined from satellite images and ground meteorological data.
Successively, the soil water balance calculations are made. The output of this
elaboration in each tertiary unit are the vertical distributions of soil water content
and pressure head from which the soil water deficit respect to saturation 8, in the
root zone is calculated.

In Box nr.2, the tertiary units needing irrigation are identified on the basis
of predefined scheduling criteria. These criteria should be defined in a such a way
that they reflect the farmers’ attitudes in scheduling irrigation. For these units, the
flag fi; is set to 1. The corresponding volume of irrigation water I;; is determined
as a function F of the simulated soil water deficit and of the irrigated area A, ;.
Assuming a fixed farm efficiency 1), the amount of water delivered at the outlet
of secondary unit i,j at a given time step is given by the sum of water demand of
the corresponding tertiary units i,k

12
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Fig. 2.2 Flow-chart of SIMODIS. Box numbers indicate:
1} Spatial variability of soil water deficit {tertiary units)
2) Spatial variability of farmers’ water demand (secondary units)

3) Water resources availability (scheme level)

4) Structural capability of the irrigation water conveyance network.
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1= Zk[fw'k F(0, 40 )} 2.1
L

The flow rate in each secondary unit, @;;, depends on the constructive
characteristics of the outlet and on the value of hydraulic head H. In many cases,
as it happens in networks with limited-rate demand, the outgoing flow rate Q;; is
practically constant for H>H,;, over a wide range of H.

Thus, condition I consists of a comparison between the irrigation volume
in Eq.(2.1) with the maximum volume deliverable in one day with a fixed flow

rate equal to 0.

- The availability of water resources, which represents the condition 2 is
tested in Box nr.3. The imigation schedule has to be modified if the total irrigation
water exceeds the amount of water daily available Vigs.

The simulation of water flow in the pipelines of the conveyance network
(Box nr.4) can be run only after the first two conditions are satisfied. At this point,
assuming the same starting time for all the irrigation units, the hydraulics of the
network is simulated. This configuration corresponds to the peak demand for the
considered day. If this step is not successful, i.e. the calculated hydraulic head in
certain nodes is too low, it is necessary to modify the distribution of water demand
{I;;} given as input. For this purpose, one might consider assigning different
levels of priority to each parcel, depending on the duration of irrigation, t;;, or the
crop type. As an alternative, it could be considered to reduce the amount of water
application. The water demand distribution {f;;} is corrected and tested again,
until the simulation of the conveyance network is successfully completed and
condition 3 is met.

At this point, the water balance calculations for the following date are made
assuming that the water deliveries are equal to the last adapted demand
distribution.

From the description given above, we see how different models and tools
are used in the simulation of the irrigation system, This translates the conceptual
scheme presented in Chapter 1 into a computational management tool, The link
between remote sensing, hydrological and hydraulic simulation models is
provided by the procedure proposed in this study and called ‘SIMODIS’
(http://www.simodis.unina.it). Basically, SIMODIS is a data-base model which
interfaces the different modules and simulation tools and cnables an casy
exchange of data with the users i.e. the irrigation managers. The digital format of
SIMODIS data allows their direct introduction in a GIS environment for further
analyses. The main attractiveness in using simulation tools lies in the possibility
of tuning one or more variables and evaluating the results. To this extent, the
described procedure SIMODIS takes into account engineering issues and farmers

14
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The model SIMODIS

water needs in an integrated, deterministic way. This issue is very relevant for the
simulation of different scenarios for alternative water management schemes.
Thus, it is possible to identify which strategy improves the efficiency of irrigation
while matching the water demand with the limited capacity of the system in terms
of either structural restrictions or water resource availability.

irrigation
Management

Fig. 2.3 The interface model SIMODIS provides the link between the different
technical tools used and the input-output data flow.

2.3  Evaluation of the efficiency of irrigation with SIMODIS.

There are several ways to assess the performance of irrigation by means of
indicators (Wolters, 1992; Solomon et al, 1999). A commonly accepted
definition of irrigation efficiency has been given by Burt et al. (1997):

Irrigation water beneficially used

- Irrigation water applied — Soil water storage variation 2.2)

From a general point of view, the optimal value of £ is 1; a lower £
indicates a possible misuse of irrigation water, while £ larger than 1 indicates an
insufficient application of irrigation.

As will be described in Chapter 3, it is possible to estimate through
SIMODIS on a daily basis the variables needed to calculate £ for each tertiary
unit. The actual transpiration T is an estimate of the irrigation water beneficially
applied, while the irrigation water volume applied I results from the final
scheduling adaptation of Box nr.4 in Fig. 2.2. Both T and I can be calculated for a
single day or integrated over a given time interval between two dates 4, and d,.
Thus, the irrigation efficiency & for the generic tertiary unit i,j,k can be estimated
by means of the following relationship:

15
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o
L’. T;.J»k (n) dn

81 S
hik (i I;‘.Lk (n) ]_ AW, (23)
ik

o Ak

In Eq.(2.3) the variable n represents the generic day of simulation and
AW, is the variation of soil waler storage in the time interval (dy—d)).

The efficiency indicator at the upper hierarchic levels i.e. the secondary and
primary units is defined as the average values of £, ;; for the corresponding
tertiary units. Since the conveyance losses can be neglected for pressurised
irrigation systermn, the aggregated value of &£,is also valid to evaluate the
efficiency of the entire irrigation system.

To consider the influence of local hydrological conditions on the

performance of irrigation, the indicator introduced in similar form by Menenti et
al. (1990) has been used:

N J.:Z[T; ik (n)-T, i (")] dn
Ez;.m - {a‘i Ii,j,k (n)] AW 24)

d, ijk

where T, i« represents the transpiration that would have occurred in absence of
irrigation. This indicator assess the effectiveness of irrigation resulting from the
application of a given irrigation volume I;;,, compared to non-irrigated conditions.
The main difference with £, is that £, takes implicitly into account the rainfall,
the soil hydraulic behaviour and the interaction between unsaturated soil and
groundwater flow. Therefore, the value of £, depends strongly on the actual
hydrological and pedological conditions and it is usually lower than 1. Assuming
that transpiration under irrigated conditions is equal to sum of the specific water
volume applied and soil water storage variation, a value of £ ;=0.2 means an
increment of 20% of transpiration compared to non-irrigated conditions.

The efficiency indicators £, and £, will be used to compare different
scenarios corresponding to alternative water management strategies. It should be
noticed that low values of T and [ in Eqs.(2.3) and (2.4) may produce values of
indicators £, and £, close to 1. Therefore when different scenarios are compared
on the basis of the values of €, and &, , it should be verified that the ratio /7,
between actual and potential transpiration 7, is not much smaller than 1.

16




3  Spatial distribution of farmers’ water demand

3.1 Outline of calculation steps

The first calculation in SIMODIS is represented by the soil water balance
from which the soil water deficit in the root zone is assessed. This is done (Fig.
2.2-Box nr.1) for each tertiary unit of the irrigation district in two steps:

— estimation of evapotranspiration under conditions of optimum soil water and
discase-free well fertilised crops;

— application of the agrohydrological simulation model SWAP, to estimate the
actual soil water balance terms and the vertical distribution of soil water
content @ and pressure head A.

Successively, the results of these calculations are used in SIMODIS (Box
nr.2) to determine the spatial distribution of farmers’ water demand, accordingly
to pre-defined criteria for the identification of tertiary units demanding irrigation
water as well as for the calculation of the corresponding water volume,

3.2 Estimation of evapotranspiration.

The evapotranspiration rate £ (cm d”) from a canopy uniformly covering
the soil surface may be estimated using the well-known combination equation of
Penman-Monteith (Monteith, 1965; 1990; Rijtema, 1965):

_8640 s(Q° -G)+c,p, (¢, =€) Tun
A s+y(+r/r )

E 3.1)
where:

s is the slope of the saturated vapour pressure-temperature curve e,(T) (kPaK™)

Q" is the net radiation flux density (Wm?)

(7 is the heat flux density into the soil (Wm‘z)

¢, is the air specific heat (J kg'K™)

P, is the air density (kg m™)

fe; — e,) is the vapour pressure deficit, given by the difference between saturated
and actual vapour pressure (kPa) at the given air temperature 7T,

r.x is the aerodynamic resistance for heat transport (sm™), which depends on the
wind-speed and on the aerodynamic properties of the surface

A is the latent heat of vaporisation of water (] kg')
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yis the thermodynamic psychrometric constant (kPa K''), and
1. is the canopy resistance (s m™), depending on crop physiology.

The minimum set of climatic data needed for the calculation are the air
temperature T, (°C), the relative humidity RH (%), the wind speed U, (m s), and
the flux density of incoming short wave radiation K (W m?). The remaining
variables in Eq.(3.1) can be either directly measured or estimated from T, RH, U
and K* (Smith, 1990; Jensen ct al., 1990; FAO, 1998).

In particular, when net radiation flux density is not directly measured, it can
be estimated as:

Q =(1-r)K* +L 3.2)
with r (-) representing the surface albedo and L’ (W m™) the net incoming long-
wave radiation flux density. This latter term can be estimated from T, ¢, and
(FAOQ, 1998).

The soil heat flux density, G, can be related to the net radiation flux density
reaching the soil surface. Choudhury et al. (1987) investigated the effects of
vegetation cover on the attenuation of net radiation and found the following
empirical relationship:

G=C;(-BLAIG 33)

where the parameter Ci € [0.3; 0.4] represents the ratio G/Q* for bare soil
surfaces; f is an extinction coefficient that can be taken equal to 0.5, although its
value varies with canopy geometry and solar zenith angle.

In most practical applications, the resistance 7, 4 is calculated as a function
of crop height A, (m) and wind-speed U, (m sty

In| % —-d ol & —-d n| % —0.667h, ol @ —-0.667h,
) Zom Zon 0.123h, 0.0123h,
¥ = =

o kU, 0.168 U,

In the argument of logarithmic functions appearing in Eq.(3.4), zy and zr
are respectively the measurement heights for wind-speed and temperature, d is the
zero-plane displacement height and the variables zy., Zos represent the roughness
lengths for momentum and heat respectively being estimated from b, (Brutsaert,
1982). Consequently, the resistance r,y becomes a function of crop height and
wind speed.

The canopy resistance r, depends on incoming solar radiation, vapour
pressure deficit and soil water status. Under potential conditions, i.e. when soil
water is not limited, the canopy resistance reaches a minimum value ., that can
be estimated using the expression (Szeicz and Long, 1969; Jensen et al., 1990):
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