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Chapter 1 - Introduction

Chapter 1

Introduction

Irrigation and food production constitute one oé tmajor uses of freshwater
resources with about 3100 Rnof annual water consumption. Agriculture
accounts for around 70% of global freshwater wilwdals, reaching up to 90% in
some fast-growing economies. About 40% of the tfmtatl production is relying
on irrigated agriculture, which represents less1tB@% of the total cultivated
lands. Global population growth projections of 23tbillion people over the next
40 years, combined with changing diets, result ipredicted increase in food
demand of 70% by 2050UN WATER, 2012 Responsible agriculture water
management will make major contribution to futuréobagl environmental
preservation and to securing human food needs.

Water management tightly depends on rainfall vaitgbwhich represents the
primary source of uncertainty in quantifying theguctivity and profitability of
crop fields Vico and Porporato, 2011When natural rainfall intermittency is too
long, irrigation has the function of supplementithg soil water needs. Climatic

conditions cannot be controlled or modified by hasm@ order to increase crop
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productivity, but a right water management may iicgmtly increase the overall
efficiency of irrigation and water productivity @ yield per unit applied water).
Micro-irrigation is one of the newest and most @éfint irrigation scheme for
water requirements minimization and water use iefficy but its installation and
maintenance cost is very high compared to traditiomrigation schemes.
Traditional irrigation schemes are the most diffuserldwide and balance
sustainability, yield and profitability with lowecost for farmers Vico and
Porporato, 2011

Identifying the optimal irrigation strategies istnan easy task because of the
multiplicity of variables involved: soil and vegétm features, climate
characteristics, rainfall variability, water costdacrop sale price. Focusing on
crop and soil properties, soil water content dymamplay a crucial role
influencing most of relevant processes acting erttot zone, like partitioning of
rainfall into infiltration and runoff as well asefpartitioning of net radiation into
sensible and latent heddypet and Vanclooster., 20P2n addition, soil moisture
dynamics control the subsurface drainage of wated thereby losses by
infiltration through deeper solil layers. In suclvieonments rate of transpiration,
carbon assimilation and biomass production arenditeited by the soil water
content during the plant growing season. In watleyssed conditions, plants
undergo a state of limited transpiration which defseon the plant physiology
and the local pedological and climate charactegsforporato and D’Odorico,
2003. Water stress induces a negative impact on trentpsl health and
productivity.

Water management applied to agriculture activities the objective of minimize
water losses through leaching and maximizing psacdrbon assimilation through
an optimization of irrigation application. A propknowledge of the processes
which control soil water dynamics proves essent@lachieve this target.
Mathematical models can thus play a crucial rolgeh@ understanding of the

dynamic interactions among climate, soil, water gadetation illy, 2001]. In
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this study soil moisture dynamics in an irrigategize field were monitored using
six underground probes for the whole life of thané. Probes were positioned at
different depths into two separate sites: an Umiméx Site irrigated with
traditional method and an Informed Site in whichwvater balance irrigation
scheme was applied based on soil moisture measotem& daily numerical
model was implemented to quantify the different ewatbalance terms
(precipitations, evapotranspiration and leaching)e comparison between the
two sites highlights soil moisture monitoring dwriagriculture activities leading
to substantial savings in terms of water volumegiirements and money, without
compromising the productivity of the crop field.

This thesis is organized as follows: soil moistomeasurements method and TDR
instruments functioning are described in the falsapter. Following chapters are
dedicated to the model description and model resulater balance analysis and
comparison. Finally some data on the water saviidgained and extrapolation to
a larger regional scale is reported, in order teeha realistic projection of the

benefits obtainable from large-scale soil water iooimg programs to support.
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Chapter 2

Soill Moisture Measurements In an

Irrigated Crop Field

Soil moisture measurements can provide importaiornmation about the proper
amount of water to be provided at each irrigatigplization and the suitable
timing at each application. Monitoring the soil eatontent dynamics of a crop
field during the entire life of the plant from teewing to the harvest can help the
farmer to provide water to the field at the bestmmeat and in right amount, in
order to avoid water stress conditions and watessds. The soil moisture
measurements were obtained using a Time Domair&efhetry (TDR) which is

described in the following sections.
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2.1 Time Domain Reflectometry (TDR)

Time Domain Reflectometry is used in telecommuidces to identify locations
of discontinuities in cables, but it can be alspliegl for measuring soil moisture.
TDR instrument is able to measure electrical cotidigz. Soil moisture can be
indirectly inferred from through the application empirical relationships. The
main advantage of TDR instrument over other measen¢ methods are the
superior accuracy (1-2% in terms of volumetric watentent), the minimal
calibration requirements and the lack of radiatlmazard associated to other
techniques. The instrument is composed by a TDRtrelmagnetic wave-
generator and six probes. Probes were assemblédtk ifaboratory using PVC
blocks, stainless steel rods, coaxial cable andxyepeesin. The chosen
configuration of the utilized probes consists ofhwa single central conductor and
two lateral conducting rods. The PVC block has béelhed in order to let the
central part of the cable be in contact with thetié rod and the two outer rods
to be in contact with the outer part of the calllace the cable is inserted into the
PVC block, the steel rods are placed in the coordent holes. The central bar
has a larger diameter (8mm versus 6mm). Sincedl®ewill be positioned within
a soil, all the holes were filled with epoxy resirhe correct functioning of the
instrument was verified in laboratory before thesiponing the probes in the
field. One of the six resulting probes is repoite#igure 2.1



Chapter 2 — Soil Moisture Measurements in an ItedaCrop Field

Figure 2.1 Final probe configuration

The physical principle on which TDR techniques besed is the comparison
between the reflection from the unknown transmissémvironment, obtained
with an impulse sent from TDR through the probeds; and those produced by a
standard impedance. Using probes of known lengjhethbedded into the saill,
the travel time for a TDR-generated electromagnetiwe to travel across the
probe length can be determined. From the traved timalysis the bulk dielectric
constant of soil is computed, and from it the woddric water content is
estimated. The bulk dielectric constant of s&j) (s a function of the propagation

velocity according to the following equation:

i 2
£ = (C_j (2.1)
2L
Wherec is the velocity of the electromagnetic waves inwan (2010 m/s) anct
is the travel time for the pulse to travel the lngf the embedded probe. The
travel time is evaluated on the base of the appareelectromagnetic length of

the probe, which is characterized on the TDR ouptgen by diagnostic changes
in the waveform. The dielectric constant simplytesathat it is the ratio squared
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propagation velocity in vacuum relative to thatetved in the medium. The soil
bulk dielectric constant is governed by the digleatonstant of liquid watere§, =
81 at 20°C), as the dielectric constants of otl@r constituents are typically
much smaller (soil minera¢s= 3-5, frozen wateri=4, air e,=1). This large
disparity of the dielectric constants makes thehmetelatively insensitive to soll
composition and textureTppp et al., 1980empirical relationship, was used to

link the measured bulk dielectric constant of ¢&j) to volumetric water content
(Bv).

8 =-53100%+ 2,9211G 2, - 551 10z,2+ 4,81 7T®,° (2.2)

This equation provides an adequate descriptionwfder content lower than 0,5,
which covers the entire range of interest in mastenal soils. This because Topp
obtained the third order polynomial relationshipnfr experimental results on
mineral soils with water content concentrated ingea lower than 0,5. The
estimation error is of about 0,013 f@y. Measurements of the dielectric constant
and then of the volumetric water content can biei@mfced by several factors: soil
porosity, bulk density, measurements frequencEsperature and water status
but they are negligible compared to the possitiensic errors due to calibration
[Quinones et al., 2003
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2.2 Crop Field Description and Probes Positioning

The instruments has been installed in a maize freldlbettone, Vicenza, North-
East Italy (11° 35’ East — 45° 21’ North). On 17rAR2013 the crop field was
sowed with an hybrid corn sown (P1758) which iswéeed by the brand Pioneer.
Such maize belongs to class 700, according to ssifilzation proposed by the
FAO. This classification divides the different mailaybrids on the basis of their
maturation period by assigning a label ranging frb®0 (the most early) to 800
(the most late). Hence the value 700 stands faate ¢orn with a maturation
period from 130 to 140 days (Nelly et al, 2013).794, in particular has an
estimated maturation period of 132 days and ibissiered to be one of the most
productive corn (Pioneer Hi-Bred Italia). Moreovd?ioneer suggest a plant
density of about 7-7,8 plantsino ensure the best productivity for grain maize.
Therefore, in the corn field used in this studygni$ are sown at a distance of
75cm in the longitudinal direction and 18cm in ttiansversal direction like

shown in Figure2.2.
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Figure 2.2 Plant disposition on field

The soil of the considered crop field has beenyaeal by the Pioneer laboratory
in autumn 2010 and the results in terms of graie percentages show that it has
a clay loam texture, as derived from the soil textdiagram based on USDA

classification. Others soil properties will be dissed inChapter 3
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Table 2.1 Soil granulometry

Soil Composition Grain Size Percentage (%)
Skeleton @>2mm Absent
Sand 2 mm <p< 0,05 mm 24,7
Silt 0,05 mm <p< 0,002 mm 445
Clay @< 0,002 mm 30,7
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Figure 2.3 USDA soil classification diagram

On June 10 2013 the TDR instrument was placed e rfaize filed. TDR
instruments is provided with six probes that afedseided into two groups: three
of them (probes 4, 5 and 6) are placed in a fiedéh @n which traditional sprinkler
irrigation is applied relying o the farmer expegen(Uninformed Irrigation),
while the other three probes (probes 1, 2 and 3§ wesitioned in a part of the
field in which an informed water balance irrigatiowhich account for the
available hydrologic measurements, is performedbdth sites the probes are
positioned horizontally at three different depth®qm, 20cm and 35cm) and in
different planar locations to reduce mutual intexfees as shown iRigure 2.4

andFigure 2.5

10
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Figure 2.4 Position of probes in Informed Site (graespot) and Uninformed Site (yellow

spot), TDR instrument (blue spot) and rain gauge @d spot)

By %,

Figure 2.5 Probes positioning operations

Probes 1 and 4 are the nearest to the ground sur?aand 5 are located at an
intermediate depth while probes 3 and 6 are thpes#eThe holes made to place

the probes are progressively filled with the seinoved to drill the holes. Each

11
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probe is connected to the TDR with a 15m long cabeis allowing the
positioning of the two distinct groups at distarméeabout 30m from each other,
hopefully enough to reduce the interferences beitwd® two sites during
irrigation operations. Between two sites there srall altitude difference due to
the crop field morphology which has a light curvatin order to facilitate the
water flow to the side areas of he field, whereldis are locatedrigure 2.9.

TDR instrument has a timer which was been set tpuiae one measure every 2
hour and, during the irrigation applications, oneasure every 15 minutes to
better observe the soil water content response.iridtieiment output is, for each
acquisition and each probe, a curve made by 25%p@r a total of 8592 points
during the whole acquisition period. The obtainetives were elaborated via a
suitable Fortran code which calculates the electirductivity, the bulk dielectric
constant and the volumetric water content througragon 2.2).

2.3 Irrigation Technique Adopted

To irrigate the maize field a sprinkler irrigatitechnique was used. The sprinkler
irrigation method consists in delivering water a&s“artificial rainfall” over the
crop. Water is applied through sprinklers that barfixed, moving or distributed
along moving bars. This kind of irrigation is sbieafor many types of crops such
as row, field and tree, but large sprinkler carvetised for irrigate delicate crops.
Each sprinkler distributes water through circulatt@rns in a non-uniform way,
because rates decrease with the distances frosptitkler. Today the sprinkler

irrigation represents the most diffuse irrigatienhnique in Italy.

12
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The major part of the maize field (Uninformed Siteds irrigated using a hose
reel. This mobile machine has a large diffusioiiriigation application since the
seventies and actually it is the main irrigatiosteyn used in Italy as it is used on
about 80% of the 1 million hectares of sprinkleigated field in Italy Bertocco,
2013. Irrigation timing is typically decided by farméasing on his experience.
Farmers decide the time to irrigate observing davés of the maize plants and
taking also into account the air temperature. Séaneers may also take into
account quantitatively the amount of water comiogrf rainfalls. In other cases,

the shift of crops implied by use of consortium evaepresents a big constraint.

The major advantages of using the hose reel arolibgving:
- Pipe diameter of 150mm allows a reduction of thadnesses and energy
consumption
- The amount of water released is automatically measby an internal

computer and visualized on a display.

The major disadvantages of using hose reel are:

- In most cases the corners of the field are not gnigpirrigated (non
uniformity of application). This is the reason wiigually corners are
irrigated using fixed sprinklers.

- lrrigation applications cannot be suspended duttieghottest hours of the

day, implying higher water losses through evaporati

Fixed sprinkler has been employed to irrigate aihlg part of the maize field
where probes 1, 2 and 3 were located. The instruraead is a quite old
machinery fixed on a pump which is directly coneecto a tractor. Sprinkler
irrigation coupled with a water balance scheme ltesio be the combination
which ensures the best ratio efficiency/costs istheases and it is the reason why

sprinkler irrigation is the most used all over vinarld.

13
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The major advantages of fixed sprinklers are:
- Can be used to irrigate small part of the field
- Can be easily stopped or used in the early houthefday minimizing
water evaporation
The major disadvantages on using fixed sprinkietgad, are the following:

- Itis not provided with a computer, so the amounwater provided to the

field in this case was measured using a rain gétigere 1.9

Figure 2.6 Fixed sprinkler irrigation on Informed Site, hose reel irrigation on Uninformed

Site and the rain gauge instrument

14
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2.4 Hydrologic Data

Water content measurement started on 10 June aledi@em 18 September 2013,
just before the maize harvesting. In the whole @&itjpns period of 101 days
there have been three irrigation (on June 25, 28lyand August 3) and several
rainfall events. Uninformed Site and Informed Sitegations were performed at
slightly different times with significantly differd amounts of water. The water
delivered in the Uninformed Site by the hose regswi0 mm for every
application, while the amount of water deliveredhe Informed Site determined
at each instance by the underlying soil moisturee Theasured data of the
Informed Site are reported Figure 2.8while measures referred to Uninformed
Site are shown ifrigure 2.9 In graphs are reported separately the soil mm@stu
dynamic of each probes. Probes 6, af" 6fays of acquisition start to
malfunctioning giving no-acceptable values. Theewatontent measured by the
six probes shows marked hourly fluctuatidriglire 2.7. In particular, the soll
moisture is maximum during the night time when @temspiration is null and
minimum at noon, when evapotranspiration is maxim&ub-daily fluctuations
highlight the strong influence of temperature oe #wvaporation rate and soil

moisture dynamics, especially during dry days.

15
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Figure 2.7 Water content daily fluctuation in Uninformed Site

Temperature variation during the whole period goréed in the upper part of the
graph Figure 2.9. To eliminate the fluctuations due to the dailycle of
evapotranspiration processes and been able to focukte water balance and
seasonal soil water dynamics, daily mean values veensidered from point
measurements. Daily mean value of soil moistugbtained calculating the mean
water content value for each dafigure 2.10 and 2.1)1 TDR instrument
provided 12 measures per day in non-irrigated dawisije the number of
acquisitions increases during the irrigation ddyaring the acquisition period
(August 2-3) fractures appeared into the soil, antipular in the Informed site.
Fractures, probably formed by drought, can strongigact connectivity of the
field through macro pores and small channels, giviise to soil water
redistribution in all the space direction. To take consideration the non-
negligible influence of fractures on soil water gesses the hydrological data
were subdivided into two separate periods: a fiestod in which fractures were
neglected (June 10 to August 3) and a second pestiachgly influenced by
fractures (August 3 to September 18).

16
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2.4.1 First Period from June 10 to August 3, 2013

The first period of acquisition was influenced kotirrigation applications and to
three rainfall events. The first irrigation was ideted on June 24 - 25: in the
evening of June 25 an important rainfall broughimgb of water. The second
rainfall event brought 40mm of water on July 4 anthird event brought 13mm

on July 12. First periods ends close to the lagtation application.

Table 2.2 List of irrigation and precipitation everts during the first period of acquisition

Cumulative
Site Event Type Start Date End Date Water
Height (mm)
Uninformed First Irrigation 24/6 —9.00Q 24/6 — 9.44 40
Informed First Irrigation 25/6 —15.25  25/6 — 16.48 33
Both Sites Rain 25/6 —19.55  25/6 —23.43 25
Both Sites Rain 27/6 —17.28  28/6 —10.36 10
Both Sites Rain 4/7 - 5.32 4/7 —10.58 40
Both Sites Rain 12/7 — 1.03 12/7 - 2.5¢ 11
Both Sites Rain 13/7 -22.08 13.07 —23.00 2
Uninformed | Second Irrigatior 23/7 -9.25 23/7 69.4 40
Informed Second Irrigationn  23/7-11.33  23/7-41.4 20
Informed Second Irrigation 24/7 - 9.17 24/7 —9.28 10
Both Sites Rain 29/7-12.31  29/7-14.20 2,5
Both Sites Rain 29/7 -20.09  29/7-21,59 3,5

In the Informed Site, for the whole acquisition ipdr the deepest probe,
measured the lowest water content. The first itiggaon June 25 delivered
33mm of water to the field, while second irrigatiovas performed in two
subsequent days: on July 23 20mm of water wereatelil to the soil, and the
following day other 10mm were added. The surfacd@s proved more sensitive

to small rainfall impulses while probe 3 measuretteased water contents only

21
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during intense events, and inputs with a small ydédue to the infiltration
processes from the surface to the deepest layeeabot zone). The initial water

content of the informed probes is shown in theofelhg Table 2.3

Table 2.3 Initial water content in Informed Site

Probe Initial Water Content [-]

1 0,40338
2 0,4364
3 0,3622

For the whole acquisition period, uninformed siteljgs have measured higher
soil water contents, probably due to the higherewadelivered during irrigation
applications. Jumps of soil moisture due to ralrdalirrigation inputs were more
pronounced in this site maybe due to the largeemiaputs and interaction with
the surrounding portions of the field. Furthermoréhe first phase the decreasing
rate of soil moisture seems to have an higher shafie respect to that shown in
the informed graph. This may be caused by largapetvanspiration rates, caused
by the greater development of maize plants in ghes during the early stages of
the experiments. Uninformed site irrigations wheexformed just before the
informed irrigation applications delivering 40mm oefater per application.
However the Informed irrigations on the InformedeSnfluenced soil moisture
dynamics in the Uninformed Site. This can be exjdi considering the
morphology of the maize field and the locationtw# probes with the Uninformed
Site which is closer to the drainage channel. Hiteal value of soil moisture for

the uninformed site probes is shown in the follaylable 2.4

Table 2.4 Initial water content in Uninformed Site

Probe Initial Water Content [-]

4 0,36217
5 0,3937
6 0,3854

22
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2.4.2 Second Period from August 3 to Septembe2083

The second period started on August 3 when, aftewadry days, some fractures
appeared on the surface of the maize field. Frasmrttoment to the end of the
acquisition period, fractures should have playedugial role in the hydrological
behaviour of the field. In particular fractures slibhave been able to create
preferential pathway for water flow, and water stdbuted between the two sites
and the remaining portion of the field. In thisiag$e irrigation took place, while
in the last days some important rainfall eventsvdetd 46mm of water on
August 25, about 11mm in the two following days dfiinm on September 2.
Another significant rainfall event was observeceathe third irrigation on August
14 (16mm).

Table 2.5 List of irrigation and precipitation everts during the second period of acquisition

Cumulative
Site Event Type Start Date End Date Water
Height (mm)
Uninformed| Third Irrigation | 3/8 —12.04 3/8 — 12.2¢ 40
Informed First Irrigation 3/8-16.41 3/8-17.03 32
Both Sites Rain 9/8 — 2.59 9/8 — 1
Both Sites Rain 10/8 —2.10 10/8 — 4
Both Sites Rain 14/8 - 10.18 14/8 — 16
Both Sites Rain 25/8 - 0.12 25/8 — 12
Both Sites Rain 25/8 - 21.26  25/8 - 33
Both Sites | Second Irrigation26/8 — 19.35 26/8 - 3,5
Informed | Second Irrigation 27/8 — 23.49 27/8 - 7
Informed | Second Irrigation 2/9 — 1.53 2/9 - 10
Both Sites Rain 10/9-19.48 10/9 -
Both Sites Rain 15/9-18.39 15/9 - 3
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Third irrigation application delivered 23mm of wate the Informed Site. The

high soil moisture jump observed during this everaty be caused by fractures
which have brought into the site additional watenf surrounding areas. During
the last days of acquisitions all the informed m®khave registered a slow
decreasing of the soil moisture content becaugbeofibsence of rainfall events
and low evapotranspiration rates. As expectedhénlast part of the plant life

cycle, the rate at which maize plants uptake whiten the soil decreases. This
behaviour is highlighted in the last part of thet@hown in Figure 2.14, with

soil moisture dynamics becoming almost flat.

The study of the behaviour of the Uninformed Siteirty the second phase of the
experiment is more difficult due to the malfunctimn of probe 6, that didn’t
allow a completely understanding of the soil maistdynamics in the uninformed
site. Probe 6 starts to malfunctioning on August Efom that point on, soil
moisture content measured by probe six were naosidered reliable. Irrigation
application at the start of the period deliveredn#® of water during the hottest
hours of the days. Also in the uninformed plantsslaarp decrease of
evapotransipration rats in the last stages of éxyit was observed.
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Probe 3

Irrigations [ Daily Rainfall Events ——Probe 1 ——Probe 2
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Chapter 3 — Modelling Soil Water Dynamics

Chapter 3

Modelling Soil Water Dynamics

Measurements of soil moisture provide useful infation about the response of
the root zone to infiltration inputs. However obtaiseful information about the
efficiency of differences irrigation schedules wavé to consider the water
balance in the root zone, where rain and irrigatepresent the input terms and
evaporation, transpiration and leaching the oubpts. A schematic of the system

IS reportedrigure 3.1

Irrigation
Evapotranspiration | Rain

¢ v Runoﬁ
field capacity}- 5 'IL X

5/ |raw| 4
threshold| & —* | &
{ ] | & -.'.
k] | TAW 4‘_
7

wilting point

Capillary Deep
Rise Percolation

Figure 3.1 Schematic representation of the processasting in the root zone
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Soil water dynamics are typically a function of tkeil depth therefore to
completely reproduce the processes acting in tbé zone and influencing the
soil water content dynamics, it should be necessaryake into account the
interaction between the different soils layers ihick the root zone can be
subdivided. This kind of models, however, is vegmplex and requires a large
number of parameters. For the objective of thid\stthe spatial variability of the
soil moisture along the vertical direction is dgaeded. Instead a minimalist
model with restricted number of parameters is eggaan a lumped framework.
The results are a parsimonious zero-dimensionaleiibéht considers a spatially
averaged soil water content and homogeneous sopeptiies into the whole
control volume. This simplification was obtained ne@wering the vertical
averaged soil moisture in both sites as shown énFigure 3.2 Starting from
vertical averaged water content derived from meaments of the six probes
during the entire life cycle of maize, a numericdabwas developed in order to
simulate the soil water content dynamics in roatezorThe model is based on a

point water balance described by the followingetitial equation:

nZr2 = 10, 9- ET 61 1- LoX It G

Where n is the soil porosity, Zr the root zone Hdejphm], s(t) the actual soll
moisture, I[s(t),t] the infiltration function, ET{g,t] the evapotranspiration
function and finally L[s(t),t] the leakages functio

The above equation can be solved using a Euleoamafd numerical scheme
with a discrete temporal step &f=1h. Considering the relationship between

water content]) and relative water content (9(t) = n[&(t), Equation(3.1)can

be written as:
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o+ = IEQU-ETEL 1= COX 1 ] o

The objective of the model is to quantify losse®tigh evapotranspiration and
leaching. A comparison between the informed siig @mformed site results can
provide useful information on possible strateg@eeptimize water use and avoid
water losses. The model is calibrated using all d8ily measurements of the
probes (vertically averaged over the entire rootezdepth). The model uses a
temporal scale of one hour for a total of 2424 tsteps. Equatior3(2) is applied

at each time step.
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3.1 Physical Processes

The root zone of a crop filed of the type analyirethis thesis is an uncompacted
topsoil layer that has relatively uniform propest@nd represents the zone where
competition between evapotranspiration and perioolatakes place. The root
system of a maize plant can reach depths higher iima, but they are most
developed in the first 40cm of soil. The growthrobts depends on the plant
growth cycle and on water availability at differel@pths. In the water balance the
root zone represents the control volume where pegron through the deeper soil
layer, transpiration following the water uptake ropts, evaporation from all wet

surfaces and infiltration through the soil surfaigultaneously take place.

Infiltration is the driving factor of the dynamicand depends from random
rainfalls, programmed irrigations and soil/vegetati features. Infiltration
represents the unigue input of the root zone asdriees the rate with which the
water can infiltrate in to the deeper soil layegmotgh the surface. Rainfalls and
irrigations result in infiltration depth into theistaking into account interception
phenomena performed by canopy and soil surfacehwiesults in overland flow.
There are two main reasons for which rain is noaratle to infiltrate into the
soil: rainfall intensity can be too high causing tbxceed of the infiltration
capacity at a given instant (Horton mechanismherdumulative rainfall volume
is too high so as the soil becomes completely atdr (Dunne mechanism).
Horton mechanism usually dominates in arid and agdclimates, where storms
are concentrated in short periods and charactebydugh intensity, while Dunne
mechanism becomes more important in humid climatesen rainfall is
characterized by large annual volumes but loweenisities. There are many
infiltration models available in order to separatfitration fluxes from overland

ones based on Horton/Dunne mechanisms.
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The evapotranspiration is a combined process inmgutoth evaporation from
soil and transpiration through plant leaves. Inékapotranspiration the water is
transferred from the soil and plant surfaces i@ atmosphere in the form of
water vapour. The two terms of evpotranspiratian discussed in what follows.
Evaporation is the process whereby liquid watecasverted to water vapour
(vaporization) and removed from the evaporatingasg. Energy is required to
change the state of the water particles from ligaidapour. Direct solar radiation
and, to a lesser extent, the ambient temperatuteedir provide this energy.
Transpiration is performed by plants and consistshe vaporization of liquid
water contained in plants tissues and cells, at agethe vapour movement into
the lower atmosphere. Crops predominately lose mat®ugh stomata, small
openings on the plant leaf (somen) through which C@is incorporated. The
water, together with some nutrient, is taken uptlhg roots and transported
through xylems up to the foliage. Vaporization ascwithin the leaf, in the
intercellular spaces, and the vapour exchangethlatmosphere is controlled by
the stomata opening. Nearly all water taken upss$ by transpiration and only a
tiny fraction is used by the plant. Stomata aretiygeesent in the lower part of
the leave to avoid direct exposition to the Sunatiah and ensure a better control
on the amount of water leaving the plant. Thanksht® action of some guard
cells, plants are able to regulate the quantityetdased water depending on the
quantity of available soil water. When the soil @raavailable is high also large
amounts of C@ can be assimilated, and vice versa. Stomata ogerureate a
continuum from soil to the atmosphere which is seaey to ensure a proper
water gradient and allow for the water rise agagmatity forces.

The driving force for evaporation and transpiratése similar: temperature, solar
radiation, air humidity and wind speed, which playsimportant role removing
water vapour from the evaporating surface, avoidirg creation of equilibrium
condition that would stop the evapotranspiratiolsofthe type of vegetation and

the life-cycle are very important factors, besidssil water availability.
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Evaporation and transpiration are treated togdtlkeause they are controlled by
similar driving factors. Evaporation usually dontesin bare soil and lakes while

transpiration is prevalent in vegetated soils esfigaluring wet periods.

Leakage represents deep infiltration processesieaidage from the root zone to
surrounding areas. This form can be considerebddeasum of lateral flow () and

vertical flow (L,):
L[s(). 8 =L[%) 1+ L] 6)XIt (3.3)

The lateral flow is a function of spatial gradienfswater matric potential, while
the vertical flow represent the deep percolationictvhis mainly induced by
gravity. In order to have lateral flow in the roabne, there should be
heterogeneity of soil properties and the presefhsiis able to sustain the water
matric potential. Usually, in the root, zone thetial downward movement
dominates then the lateral flow component can ligecged. The magnitude of
each term can be established according to the Bateyw. In particular, the

water velocity along the vertical (z) direction is:

v(z9=-Kz ¢ ez (3.4)
Where K is the hydraulically conductivity of theilsand W the matric water
potential. All the water-balance terms are defimedunction of saturation level
and time. Relative water content dynamics influetice rate of infiltration,
determining the amount of water that can infiltrat® the soil. The opening or
the closing of stomata regulates the evapotrangpiraate and the leaching is

appreciable when the soil moisture content crodsefield capacity threshold.
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Some simplifying assumptions which allow a parsimos description of the
water balance: no interaction between soil moisiarghe root zone and the
underlying water table, negligible lateral subscefawater redistribution and
uniform soil features and rooting depth. This sifigdtion are often valid for
most of agricultural settings where the use of ncoittare homogenize rooting
depth and, flat or gently sloping field do not allsignificant lateral movements
which are, however, take into account through table parameter.

Model equations are reported below subdivided pecgss:

Infiltration — I[s(t),t]:

Infiltration process can be described by the foltayvequation:

I[s(D), ] =) +RI-Q &)X & (3.5)

Where P(t) is the rainfall depth through time, R§t)he additional irrigation depth
and Of[s(t),t] is the overflow term, dependent oa #dctual soil moisture content.
The total precipitation [R(t)] that can infiltrates through the soil surfaise
represented by sum of rainfall and irrigation watepth fraction (F as described

by the following equation:

Rat(D) = P() + R(Y (3.6)

Overflow is produced by the remaining water thatne infiltrate into the soil
through the surface and remains over it giving,rige ponding and runoff
phenomena. The Model employed uses a simple cotidnnaf Dunne and

Horton infiltration model summarized by the followsi equation:
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RO <K - 1[0, §=R() _
1 ° ! ° =1 1[99, =0 3.7
S(t)<{e(t)>Kﬁl[s(t),t]=K (W21~ 1[9.4=0  @7)

If the relative soil water moisture is lower than(the soil is unsaturated) the
infiltration rate can assume, at most, the thrashahlue K otherwise the
infiltration rate is equal to the precipitationensity. K is a threshold value which
represents the maximum fraction of precipitatioat tteaches the ground surface
able to actually infiltrate into the root zone. Ftparameter is typically highly

time-variable and dependent on the soil moisturderd.

Evapotransipration — ET[s(t).t] :

To evaluate ET terms, the FAO method is employdek Basic principle of this
procedure is to separate the dependences on climagetation and water
availability, by dividing the calculation procedurethree steps.

The first step consists on the calculation of thefenence potential
evapotranspiration (E). Reference potential evapotranspiration is defiag the
evapotranspiration rate of a reference crop, wis@n hypothetical culture with a
height of 12cm, a fixed soil vegetation resistaot@0 s/m and an albedo of 0,23.
In practise this is an active grassland duringgf®ving season with unlimited
water availability. The reference crop is usefukaparate the effects of climate
and vegetation features and make comparison amibfegedt crops. Different
methods to evaluate GExists. In this study the Penman-Monteith equatas
used which is a combination method obtained compitihe energy balance with
a mass transfer method. The procedure requiresd#imition of suitable
resistance factors. Surface resistance parameterilles the resistance of vapour

flow through stomata opening, total leaf area avilssirface, while aerodynamic
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resistance describes the resistance from vegetapaard and involves friction
from air flowing over vegetative surfaces. &§ daily evaluated starting from

climatic data.

900
0,408A (R, +y0 o [, e -
RV o5 st 878 gy

A+ y[{1+ 0,341, )

ET, =

Where ET is the reference evapotransiration rates expressgadm d’], Ais the
slope of vapour pressure curve [kPa'T(R, the net radiation at the crop surface
[MJ m? d], T is the mean daily air temperature at 2m heje@i, w is the wind
speed at 2m height [m*§-e; and g are the saturation and actual vapour pressure
respectively [kPa] angis the psychrometric constant [kPaJC

The equation uses standard climatic data suchlas realiation, air temperature,
humidity and wind speed. For the calculation ofyEburly data gauged by a
meteorological station were employed namely: s@dration, mean temperature,

wind velocity and air humidity.

The evapotraspiration process is determined bytheunt of energy available to
vaporize water. The potential amount of radiatioat tcan reach the evaporating
surface is determined by its location and timeh& year and it is called solar
radiation. Due to differences in the position o€ thun, the potential radiation
differs at various latitudes and in different seesdlrhe solar radiation absorbed
by the atmosphere and the heat emitted by the ewntbase the air temperature
that exerts such a controlling influence on the K@&tevapotraspiration. In sunny
warm weather the loss of water by evapotraspiraareater than in cloudy and

cool weather.
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For the evaluation of BT minimum and maximum hourly temperature,Tand
Tmaxy and mean hourly temperaturen(l) are used. All temperature data are

expressed in [°C].

T = Trnax * T (3.9)
2
The difference between the water vapour pressutieeagvapotranspiring surface
and the surrounding air is a key factor for theotapremoval. In humid weather
where the humidity of air is close to saturationlyca small amount of additional
water can be stored and hence the evapotraspiredtenis lower than in arid
regions. Minimum and maximum hourly air humidity reeused for the
calculation of the evapotranspiration of the refieee crop. Air humidity is a
dimensionless factor. The evaporation process dispiena large extent on the air
removal rate that is governed by the wind speediarailence in the atmosphere.
When water evaporates the air above the evaporatirfgce gradually increases
its humidity. If the humid air is not removed aneplaced with dry air the
evaporation rate decrease. Wind speed is exprassgd/s] and it is typically

measured at 2m above ground.

Net radiation at the crop surface,is the difference between the incoming and
outgoing radiations of both short and long wavetkny depends on geographic
position, period, temperature and vapour presduet.radiation is the balance
between the energy absorbed, reflected and enfijteéde earth’s surface and can

be estimated using an energy balance on the fiefdce:

R =(1-a)[R- R, (3.10)
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The solar radiation (R is a fraction of the extraterrestrial radiatidR,)( and

indicates what a given site receives from the Sumng a day. Solar radiation
estimation needs to takes into account for cloadtedng. The following formula
is a good empirical approximation that empiricaltigcounts for cloudiness
through the root square of difference between mawimand minimum

temperatures:

R, =0,18Q/T ., — T.. R (3.11)

Extraterrestrial radiation ¢Ris the solar radiation received ate the top @& th
earth’s atmosphere on a horizontal surface. Thal iotensity of the radiation is
determined by the angle between the direction ®3tn’s rays and the normal to
the surface if the atmosphere. This angle will ¢gfeaduring day and will be
different at different latitudes and different seas Extraterrestrial radiation is a

function of latitude, date and time of day.

R, = 459G, [Wr[w,$ing [5ind + sinw [cog 0 cad (3.12)

The net long wave radiation {Rrepresents the solar radiation absorbed by the
earth and converted in heat energy. The differebeaveen outgoing and
incoming long wave radiation is called net long waadiation. As the outgoing
long wave radiation is almost always greater thia@ incoming long wave
radiation, R, represent an energy lossy €&n be calculated as:

R, =0,5r T, - T4.)10,34 0,14/ ¢ Ml,B%— 0,3! (3.13)

Where g is the actual vapour pressure andRR is the relative shortwave

radiation. (R/Rso) is the ratio of the solar radiation JRo the clear-sky solar
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radiation (Ro). Rs is the solar radiation that actually reaches tagtEs surface in
a given period Eq. 3.13, while Ry is the solar radiation that would reach the
same surface during the same period but under ibjoodnditions. Ry can be

expressed as:

R, =(0,75+ 210° [z )R (3.14)

where z is the elevation above the sea level, sgprkin meters, of the station.

The slope of saturation vapour pressure cudye gt a given temperature is

calculated as:

4098[% 0,6108] ex| 17’_?7[]-"16‘3”]}
A= mean 3.15
(T eant237,3F ( )

While the psychrometric constarn) (s given by:
y=0,665110° [P (3.16)

Saturation vapour pressure deficit (VPD) is thdedénce between the saturation

(e9) and the actual vapour pressurg {er a given time period.
VPD=6 - ¢ (3.17)

The mean saturation vapour pressure is relatedirtéemperature, it can be

calculated from the air temperature. The relatignghexpressed by:

e; — e* (Tmax) ; é( T’nin) (3 18)
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where e*(T,in) and e*(Tay are the saturation vapour pressures at the mmimu

and maximum temperature respectively:

(3.19)

e (T) =0, 6108]ex;E£7U3j

T+237,

The actual vapour pressureg)(ean be derived from the dew point temperature
(Tdew), the temperature to which the air needs to bdedoto make the air

saturated:

7,27,
e (T :0,61081expji’7dew
= (Toew w2373 (3.20)

Daily Reference evapotranspiration obtained is meiain the following graph:

Crop Reference Evapotranspiration ET,

ETO [mm/d]

0 T T T T T
05/06/2013 25/06/2013 15/07/2013 04/08/2013 24/08/2013 13/09/2013

Days
Figure 3.3 Daily values of crop reference evapotrapgration
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Second step consists in the calculation of therpiatieevapotranspiraton (E)l
The potential evapotranspiration of the actual casmbtained multiplying the
reference potential evapotranspiration fE@nd a crop coefficient (kc), that
express the ability of a given vegetation coveguapotranspire more or less than
the reference crop during its growing season. Qrogfficients are parameter
defined in function of the vegetation type andlod growing season of the plant

and can be easily found in literature (FAO).

ET,(1) = ke § CET] @21)

An example of the crop coefficient variability dugi the four different stages of
the life cycle of a plant is illustrated iRigure 3.4 According to the FAO

approach, kc can be described by 7 parametgfs.Lbey, Lmia and Leng are

respectively the initial period, development periodd season period and late
season lengths. These 4 parameters describe théoduof the four stages in
which the life of a plant can be subdivided and/thee defined in function of the
type of plant considered. Crop coefficients assanoenstant value during initial
period (kg,) and mid season period (kg while in development period and in

late season its pattern is linear since thggks assumed.

T

¥
| S ) Late K cend
0.2F | Intial | Dev Mid Season | Season |
| Period | Period} Period Period |

0.0

Time of Season, days

Figure 3.4 Schematic of the generalized kc curve witfour crop growth stages and three kc
values (Allen et al., 1998)
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The FAO manual suggests for the parameters thesakported iTable 3.1and
Table3.2

Table 3.1 Field corn plant crop coefficient suggedty FAO

Period Crop Coefficient Value
Initial Period (kg,) 0,3
Midseason Period (kf) 1,2
Ending Period (k&g 0,35-0,6

Table 3.2 Field corn plant growth stages length inf&nish climate suggested by FAO
Period Days [d]
Initial Period Length (1) 30
Developing Period Length (L) 40
Midseason Period Length {lg) 50
Ending Period Length g9 30
Total [d] 150

Etc represent the maximum value of ET for a givespat a given time (under

given climate conditions) in the absence of watiesss.

Finally, the third step allows for the calculatiohthe actual evapotranspiration
(ET). It was observed that under limited soil maistcontents, plants reduce the
rate at which they take water from the soil soltibrough roots. Plants are able
to perform an osmotic adaptation decreasing graduaé opening degree of
stomata in order to compensate the cell loss afspre and turgor. It is possible
to identify two particular soil moisture threshaldiscipient stress point (s*) and

wilting point (s,):
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- The Incipient stress point (s*): Indicates the suoiisture level below
which the osmotic adaptation of plant is insuffiti¢o compensate the
decrease of energy of soil water and stomata stadosing. Incipient

stress point depend on both soil and vegetaticurfes

- The Wilting point (g): Indicates the soil moisture level below which no
water flow from the roots to the leaves can talke@land the stomata are
fully closed. Also the wilting point depends on baoil and vegetation

features.

To evaluate the actual evapotraspiration of the @rés necessary to multiply Etc
and a water stress factorg)kfunction of the soil water availability, in ondé
take into account the partial or completely closafestomata during drought

periods.

ET[), 1=K ¢ ) UET )t (3.22)

The water stress reduction factor defined in fiamcbf the actual soil moisture

level can be well modelled by Fedds model (1978)

0 - if :s<s,
=2 e e s 058 @29
1 if :s(t)>s

When the soil moisture content is higher than theipient stress point the
evapotranspiration is maximum and equal tg ®hile, when the water content

decrease under the incipient stress thresholdttimasa start gradually to closing
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reducing linearly the evapotranspiration fromy ©t0 when soil moisture is lower

than the wilting pointKigure 3.5.

ET 4
ET

c

Sw s* 1

Figure 3.5 ET curve as a function of s

Leaching — L[s(1),t]

When the later subsurface flows are neglected dadalge can be modelled

considering Clapp-Hornberger model:
L[S(9] = K, ()" (3.24)

Where Ky is the hydraulic conductivity at saturation comdis and b is an
empirical parameter determining the non-lineariggieée. In unsaturated soil we

define two critical levels of the soil moisture tcent:

- Field capacity (g): value of s above which the movement of water is
appreciable. Below;sthe hydraulic conductivity is too small, and the
water is strongly attracted to soil particles. dffide the amount of water

that remain in the soil after gravitational watesshdrained away, in other
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terms the field capacity is the amount of waterdhély soil after
infiltration rate has materially decreased.

Hygroscopic point (g: value of s below which the water molecules are
too strongly attracted by the soil grains and aainbe extracted from soil.

K [em/d]
A
30
coarse soil /| |
20 - /o
/ |
r'/ II
/  intermediate
10 :
/ soil
s g /__...//f
0 —_— —*
0 1S

Figure 3.6 Example of hydraulic conductivity (K) cuive defined in function of soil moisture
in different soils
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3.2 Model Parameters and Calibration

The following tables contain all the parametersdubg the model developed,
subdivided into constant parameters and calibrp@@meters. The calibrated
parameters are just 4 whereas the value of mogpahemeters involved can be

defined based on observation evidence or literature

Constant parameters:

Table 3.3 List of constant parameters used for modleng soil moisture dynamic

Symbol Parameter Description
Zr Root Zone Depth Depth of the root zone [cm]
o* Incipient Stress Point  Water content for the inampipoint stress [-]
Dw Wilting Point Water content for the wilting poird [
n Porosity Porosity of the root zone
t1 Fracture Time Time in which fractures is assumappear
Middle Crop Ratio between crop coefficient in the middle
KCmigKCi Coefficient Ratio and in the initial phases of plant life cycle
Ending Crop Ratio between crop coefficient in the ending
KCend K Coefficient Ratio and in the initial phases of plant life cycle

Duration of the initial growth phase of maize
L, Initial growth phase plant associated with the kcrop coefficient
(d]
Duration of the middle growth phase of the
L, Middle growth phase  maize plant associated with the.kcrop

coefficient [d]
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Calibrated parameters:

Table 3.4 List of calibrated parameters used for mdelling soil moisture dynamics

Symbol Parameter Description

, o Hydraulic conductivity in
Ksat Saturated Hydraulic Conductivity . -
saturation condition [cm/d]
Exponent of the Clapp-
b Clapp-Hornberger parameter
Hornberger low [-]
Crop coefficient value in the
Kcin Initial Crop Coefficient initial phase of plant life
cycle [-]
Fraction of water input delivered from  Parameter that consider

the surrounding sites fracture action [-]

Constant parameters:

- Root zone depth (Zr): Considering the positionirgpttis of the three
probes and the greater development of the rootsyst was considered a
constant root zone depth of 40cm. Several prelingingodel results have
highlighted the best performance of model with astant value of the
root zone equal to 40cm. Deeper development okroposoil compaction
processes are not relevant and not taken into atabwring the entire
period. The relative shallow depth of root zonepidvany type of
interaction with groundwater tables.

- Incipient stress pointd¢): Observing the soil moisture dynamic measured

by the six probes is evident that the evapontraspir rate decrease under

approximately the threshold of =0,32E. When soil moisture fall
below the incipient stress threshold the water eainstarts to decrease

with an exponential behaviour.
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Wilting point @ y): It was assumed that on the whole acquisitionoger
the plant never be completely stressed. This igadistic assumption
whereas plant never shows to be wilting and drauglfiere never long

enough to allow drastic drops of soil moisture eomt

Porosity (n): The laboratory analysis gave a valporosity in the range
(0,44-0,48). However, preliminary analysis suggedte increase of the
porosity value up to 0,5. The differences betwdentivo values can be
explained considering the practical impossibility distinguish between
the porosity (n) and the root zone depth (Zr). stew balance equation,
the two parameters are strongly linked each othdrpdnysically represent
the total void volume in the root zone. Approxintateve can say that

porosity should be equal to 0,45 while root zoné5em.

Fracture time {): Represents the time at in which fractures happeared
in the field. Superficial and underground fracturere observed especially
in the Informed Site but most likely were preselsban the Uninformed
site. Fractures tend to form after drought periessl consist in soil
enlargements macro pores and soil channels which faeailitate the
redistribution of water among sites. Fractures west¢ observed between
the second and third irrigations, during a droupétiod, hence it was
decided to set tequal to 1300 hour, (55 days).

Crop coefficient ratios (kga/kcin & kcendkcin): The ratio keig/kcn and
kcendkcin Were fixed considering the crop coefficient val(ie$ suggested
bay FAO manualAllen et al., 199Bin order to reduce the number of
calibrated parameters. The dynamics of the crofficent during the life
cycle of a maize plant show constant values duttieginitial and middle

periods and a linear trend between them and imatteperiod. The model
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Crop Coefficient (k )

does not consider linear variation of the crop ftoeht but only uses
three constant values. In order to take in conatd®r linear behaviour of

kc, mean value are considered for initial and egginases:

Crop Coefficient for Field Corn

— —kc curve FAO ——kc curve MODEL A kc value
1,5 -
kaid = 1,2
7 - \
1 , /  KCena=0.9
/ \
—_— \
// ke, = 0,75 N .
0,5 - y;
/
0
D »\f:‘) D v\,'B »\f:‘) D v\,'B D D »\f:‘)
20 20 20 20 20 20 0 20 20 20
\3\0“\ 0,\\0‘3\ ,ﬂ\cfb\ \/6\06\ 06\01\ @6\01\ \/6\0%\ gu\@\ ,Lu\Qq\ &\\9\
Days

Figure 3.7 Crop coefficient curve for field corn plants

Under these assumptions, the initial crop coefficiékg,) defines the
entire life cycle of the plant provided that thdioa kgnig/kcn=1,6 and
kcendkcin=1,2 are fixed as:

KGua _ KCona _
0 = 1, 6 =C = 1) 2
kC. kc. (3.25)

- Initial and Middle growth phases {IL,): Indicate the length of each of the

three growth period in which the plant life cyck subdivided. In this
study it was chosen an initial growth period assteciat kg crop
coefficient value of 15 days and a duration of thieldle growth period

associated at kg crop coefficient value of 66 days. The last ped@0
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days represent the ending period of the plantcyide and it is associate

with the ke¢ng crop coefficient.

Calibrated parameters:

Hydraulic conductivity at saturation {k): Hydraulic conductivity at
saturation indicates the water flow velocity thrbug fully saturated
medium. Root zone is quite always unsaturated,thad K represent
only the maximum value of water velocityskdepends on soil properties
like structure and texture which is assumed todrestant for entire period
of acquisitions. Hydraulic conductivity leads theater losses through

percolation in the deepest layer of the root zone.

Exponent of Clapp-Hornberger low (b): The exporgatermines the non-

linearity degree of Clapp-Hornberger low.

Initial crop coefficient (kg): Ratios between mid season and initial crop
coefficients and between ending and initial crogfioient were fixed.

Initial crop coefficient kg during the initial growing period ).

Fraction of water delivered by surrounding area$ Represents the
contribution of additional water inputs into cortreolume that flow

through fracturesu is defined as a fraction of the total precipitatfallen

in the surrounding areas of the considered sitr &facture formation at
t;. Considering the position of the two sitesacts only on rainfalls and
uninformed irrigations for the Informed parameteadibration and on
rainfalls and both uninformed and informed irriga for the Uninformed
parameters calibration. The parameteiinfluences the inputs like

described by the following equations:
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I::ot,inf (t) = I:i)nf (t) + |%ﬁ (D"‘G’ m IEj)n'nf ( D+ Rﬁlﬂf ( )) (326_327)
Potunint (1) = Puing (0 + Ry (D +a W R (V+ Ris (X+ R (X

The total amount of inputs during the second petiat) in the Informed Site is
calculated summing rainfalls and informed irrigativater depths to a fraction
(a) of the total input in the surrounding areas mteg with traditional method.
This latter fraction represents the water delivetedhe Informed Site by the
surrounding areas through fractures. In the samenera the total amount of
inputs during second period in the Uninformed S#ecalculated summing
rainfalls and uniformed irrigation water depthsatdraction ¢) of the total input
in the surrounding areas which include both Infain$éte and other portion of
field irrigated with traditional method. While rdail inputs are simultaneous all
over the field, irrigation in Informed Site is dgéal of 4 hours with respect to that

applied in the Uninformed Site.

Not all the parameters can be estimated througbrdary analysis, part of them
can only be meaningfully derived by calibration eTparameters are calibrated in
such a way that the model reproduces consistdmtlypbserved data measured by
probes. For this purpose it was used a Markov Cidamte Carlo (MCMC)
simulation, an algorithm for the sampling of higimdnsional posterior
distribution. MCMC searches the minimal discrepanmgtween the model
predictions and observations. This can be doneemnadltically by minimizing the
square errors between model and observations. d$is bf the MCMC method is
a Markov Chain that generates a random walk thraighsearch space with
stable frequency stemming from a fixed probabilttystribution. DREAM
algorithm uses a multiple chains, three in thisecasignificantly enhances
efficiency Mrugt and Braak, 2008 This type of method is susceptible to over-

parameterization with the consequence of detenmgydhe forecasting capabilities
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of the model. Calibration was performed considethmgdaily mean soil moisture
content because of the different time step useddmt model (dt=1h) and TDR
instrument (dt=2h and dt=15min during irrigatio@alibration, of the whole set
of parameters, was performed considering verticehrmaveraged along the root
zone in the Informed site. The calibrated set oapeeters was after applied to the
Uninformed site Chapter 4. A small adjustment using MCMC were necessary to
have a better modelling of the uninformed measuad. In this latter case the

calibration was performed only on two parameteosogity and.

Primary search spaces for each parameter wereeddfirthe Informed Site:

Table 3.5 Search spaces for MCMC calibration algothm

Parameter Min Value Max Value Note
Ksat 0 cm/d 240 cm/d From clay to sangi#fange
b 0 100
KCin 0 3
a 0 15 Unknown surfaces of the field involved
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Chapter 4

Model Results

The calibration of the model parameters on Inforns#g provided the values
reported inTable 4.1 and 4:2

Table 4.1 Standard Parameter Set for Informed Site

Parameter Calibrated Value

Ksat 94,2 mm/h
b 33,4
kcin 0,61

a 0,57

Table 4.2 Porosity in Informed Site
Value
n 05
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This parameters set was labelled as “Standard RteaBet”. Root mean squared
error R was considered to evaluate the model pedoce. Obtained time series
with daily means values are reportedFigure 4.1 The figure shows that the
minimalist model is able to reproduce well=(2) the soil moisture dynamics
measured from the Informed probes. This meanghieatalibrated parameters are
representative of the soil and vegetative propedfdhe investigated site.

An overestimation of the evapotranspiration ratevisble before the second
irrigation while an underestimation occurs aftemgrThe differences, between
calculated and observed values, can be explaimedgh an erroneous estimation
of Efp in this period by the Penman-Monteith equatiorrtii@armore, this period is
interested by fractures formation, which were comeetly assumed to take place
on August 3 even though a state of incipient soiufe was observed also during
previous days. Non-uniformity of water applicatiand imminent fracture
formation could may have driven some water redistion phenomena that
cannot be simulated by a simple water-balance maidéle type employed in this
paper.

Theparametern moves fundamental to simulate soil moisture dycanm the
last part of the experiment. Without the additionaiter input implied by, the
water content calculated by the model would be egrgpverestimated. This
means that the two plots, 30m apart from each pthare hydraulically
connected and this interaction was further enhabgeftactures. Fractures have
supplied water to the two plots from surroundingsi Hence the soul moisture
jumps are disproportionated to the input delivetedthe considered sitest
represent the fraction of precipitation (or irrigatdepth fell into the Uninformed
Site) that reaches the Informed Site through frastuThe 57% of the Informed
Site through soil fractures. Fractures features dknensions, depths, lengths or
functioning are unknown, so the influence of fraetan the water balance can be

described only through a calibration paramete®n August 25 events, the model
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overestimates the soil water content probably due tincorrect rainfall rate
distribution related to a lack of information orc@se of interception phenomena.
The saturated hydraulic conductivitysd<and the exponent b obtained from
calibration, are higher with respect to the paramégpically associated a clay
loam of the type observed in the filed, indicatarg higher percentage of sand in
the first 40cm of soil. The value of K indicates a moderately infiltration rate
through the deeper soil layer in the Informed Sit@le crop coefficients are
included in the range suggested by the FAO marmuahgize plants.

The standard parameter set was also applied tdJtiveformed Site. A small
adjustment of the porosity was necessary to acdousinall heterogeneity in soil
properties between the two different sites. Calibraon porosity value ranging
[0,45 0,55] gives a result of 0,52. The calibrationthe Uniformed Site was
performed based only on the first 65 soil moistditee lack of information in the
ending period do not allow for a comparison betwessasured and predicted
data, but the good agreement between model obsamadring the first 65 days
is considered sufficient to infer the reliability the model forecasting in the last
part of the simulationHigure 4.3. In this site a different temporal distributioh o
the crop coefficient was used in order to take dooant the different height of
plants at the beginning of the acquisition peri8d, initial crop coefficient was
set to be equal at the middle season crop coefficiehe standard deviation root
mean square error for the first 65 data is lowantthat obtained in the Informed
Site (R=1,8L0). The worse performance of the model are probdbbyto small
differences in soil properties. The results obtdiaee tough judged satisfactory.
Values of soil moisture calculated in the Uninfodn®ite are generally higher
than that obtained in the Informed Site. This feant be justified considering the
large amount of water delivered through irrigatimnd the higher porosity. In
accordance to what observed in the Informed Sie, far the same reasons
already discussed earlier, evapotranspiration derestimated during the period
between the second and the second irrigation.
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Figure 4.1 Daily water content calculated by modelcontinuous line) and measured (dashed

line) in Informed Site during the whole acquisitionperiod

58



Chapter 4 — Model Results

™
—
~
L O
o
~~
(o]
—
-
[
2
5 3
O | D
= L
2 >
cgcs I
>
‘©
&)
©
@
Q
S ™
3 <
4 )
) =~
(@)
o
o
- ©
c [a)
[}
o
c
o
O
= ™
= o
@® L~
; o
B
= I
T
o
©
]
S
>
(7]
@
(]
= (9p]
' —
S
° =)
<
o
1)
™
—
I}
T T T T Q
o) o Ty) o n S
< DA ™ %4 N
o o o =) o

] LoD Jare/ Ajre@

Figure 4.2 Daily water content calculated (continuosi line) and measured (dashed line) in
Informed Site during the whole acquisition period
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4.1 Rainfall and Irrigation Events

The Standard Parameter Set was applied also ttesévgnts in order to assess
the model capability of reproducing soil moisturgnamics at sub-daily
timescales (minutes). For this purpose a set aiifsignt events was considered:
two rainfall events (on July 4 and August 25) ahceé¢ irrigation applications
June 25, July 23 and August 3. In these simulatitives input/output hydrologic
fluxes are provided at sub-daily timescales. Feruinole period of acquisitions,
rain gauge has measured the cumulative rain deptimgd all events but no
information about the time variability of rain imt&ties is available. Then, the
hourly distribution of rain depth measured by aaoetlogical station nearby was
used, to obtain the hourly distribution of rainféfigure 4.3. Accordingly, the
reference evapotranspiration was evaluated usingrhhaneteorological data
accounting for day-night cycles of temperature Hiityiand solar radiation.
Therefore, the reference evapotranspiration iscoostant during the whole day.
An example of Etvariation in a day of the interested period isorégd inFigure
4.4,

o

w

o
1

Informed Irrigation
I Rainfall Events

o o

= o N o

o N o w
T T T T

Rainfall Intensity [mm/min]

e
e

0.05—

0
25/06/2013 10.00 A.M 25/06/2013 08.00 P.M 26/06/2013 06.00 A.M
Time

Figure 4.3 Example of rain intensities distribution(black bars) and irrigations (grey bars) in

an event.
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Time

Figure 4.4 Example of reference evapotranspirationKty) in an event

Soil moisture dynamics in the Informed and Uninfedrsites during the various
events identified are discussed in the followincfieas.

First Irrigation (June 24-26):

On June 24 the farmer decided to deliver to thenfdnned Site 40mm of water.

The irrigation, performed with the hose reel, stdrat 9.00 AM and lasted for 44
minutes. In the following days, the observed saisture observations suggest to
irrigate also the Informed Site: irrigation startatl 3.25 PM on June 25 and
finished after 83 minutes, delivering 34mm of waiarthe field. The same day, at
7.55 PM an unexpected rainfall 25mm of rain in atnd hours. The comparison
between observed soil moisture and the time sefissil water content provided

by the model applied with the standard parametes shown inFigure 4.5.
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Figure 4.5 Application of Standard Parameter Set odune 25 events in Informed Site
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Figure 4.6 Application of Standard Parameter Set odune 25 events in Uninformed Site

The initial value of soil moisture is defined basad the results from the Daily
Model. High frequency fluctuations of the observedil moisture in the
Uninformed Site are a clear sign of hydraulic catioms between the monitored

site and the surrounding soil, as well as wateistedution.
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Rainfall Event (July 4):

On July 4an important rainfall event brought 40mhwater all over the crop
field from 5.32 AM to 11.00 AM. The simulation stad at 00.01 AM of July 4
and finished at 11.59 PM of July 5.

0.46
O Measured Water Content
Calculated Water Content

044

042

04r-

Water Content

0.36 -

034 ! ! ! !
04/07/2013 00.00 AM 04/07/2013 12.00 AM 05/07/2013 00.00 A.M 05/07/2013 12.00 P.M 06/07/2013 00.00 A

Time

Figure 4.7 Application of Standard Parameter Set oduly 4 events in Informed Site

0.46—
O Measured Water Content
Calculated Water Content

0.44|-

04

Water Content

0.38—

0.36—

0.34 ‘ ‘ ‘ ‘
4/07/2013 00.00 A.M 4/07/2013 12.00 AM 5/07/2013 00.00 A.M 5/07/2013 12.00 AM 6/07/2013 00.00 A.
Time

Figure 4.8 Application of Standard Parameter Set oduly 4 events in Uninformed Site
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This is the most important rainfall event of themtoring period, where a direct
comparison between the two different sites respamsglowed. The simulation
reproduces quite well the pattern of observed itatiae informed site while in the
Uninformed Site some evident soil moisture flucad from July 4to July 5
were not properly reproduced by the model. Considethat no calibration was
carried out during the events, in view of the sigipt of the model used, the
performances obtained are judged satisfactoryhEuriore, the delay of picks are

due to a distribution or, also, to the presengeooiding.

Second Irrigation (July 23-24):

Second irrigation was delivered on the Uninformiel at 9.25 AM of 2% June to
avoid water losses through excess of evaporatie. iffigation in Uninformed
site had a duration of 21 minutes bringing, liképdn of water Figure 4.10. A
few hours later also Informed site was irrigateddiejivering an amount o 20mm
of water in 12 minutes. Because of the reducedeas® of soil moisture in the
Informed site, it was decided to deliver other 10ratm9.17 AM on June 24.
(Figure 4.9. Daily Model has just highlighted the difficuleencountered during
the reproducing of the second irrigation periodisTproblem is enhanced at
minute time scale in particular during the secoad pf the irrigation in Informed
site. As just mentioned before, this is because udtiphicity of causes like
evaporation, during the first application, perfothie the hottest hours of the days
and high wind velocity which cannot assure the amiiity of irrigation. In fact,
the first observed jump of soil moisture is lowkan the second in spite of the
larger amount of water provided. In the Uninforns#e this problem seems to be
less evident maybe because of the irrigator. Im, facger sprinklers may allow

for higher efficiencies also during windy days.
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Figure 4.9 Application of Standard Parameter Set oduly 23 and 24 events in Informed Site

042~
O Measured Water Content
Calculated Water Content
o
o
© 0 0
o o
o o7, o
€
2
=
o
O
&
<
s
I I
23/07/2013 09.00 A.M 23/07/2103 09.00 P.M 24/07/2013 09.00 A.M

Time

Figure 4.10 Application of Standard Parameter Set oduly 23 and 24 events in Uninformed
Site

Third Irrigation (August 3):

The third irrigation was performed right after fn@cture development, on August
3 at 12.00 AM for the Uninformed site and at 4.40 f&r the Informed site. The

water amount delivered to the Uninformed site washéh, distributed in 23
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minutes while the Informed site received 30mm ia #ame period. From the
plots shown inFigure 4.11 and Figure 4.12 general agreements between
calculated and measured data can be noticed in thethmonitored sites.

Moreover the plots graphs, evidence the interadbietwveen the two sites during
the irrigation application, enhanced by fractures.
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Figure 4.11 Application of Standard Parameter Set ougust 3 events in Informed Site
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Figure 4.12 Application of Standard Parameter Set ougust 3 events in Uninformed Site
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In the Informed site simulation a delay of 4 howswapplied to the uninformed
irrigation application in order to make simultanedhe two events. This delay
represents the time required to the water to mowen the surrounding zones to
the informed probes. Informed probes have not tegd any jump of soll

moisture in the hour before the Informed irrigatibat the jump registered during
Informed irrigation is higher than that expectedsidering the water amount
delivered on this site. This can be explained asrgig a simultaneous water
input in to the control volume both through theface (Informed irrigation) and

fractures (Uninformed irrigation). In the Uninforthesimulation the amount of
water able to reach the uninformed probes comiog fthe Informed site is very
fast. In fact, Uninformed probes, has registereiy quick response meanings
that the site where the probes are positioned risngly influenced by the

Informed inputs. Is not possible to better descthee features of the water flow
because of the lack of information about fractuaed areas involved. The right
amount of water that flows from a site to anothatt @s velocity are regulated by
a series of soil hydraulic and structure propewies also by contribution surfaces
extent that cannot be easily and properly estimateithis case. The water flux
that bring water from Informed site to the Uninfathprobes probably flows

through larger superficial soil fractures and thatev flow is enhanced by the
gently slope of the crop field. Maybe, the amouhtwater able to reach the
Informed probes, comes form the surrounding areesugih deeper and slower

fractures system.

Rainfall Event (August 25)
The last important event was observed durinj 6gust night. A very intensive

rainfall brings 33mm of water in few hours. In thiase the simulation was

performed only on the Informed site because ofrttadfunctioning of the sixth
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probe in the Uninformed site during this periodeT®imulation starts at 9.00 PM
and finish at the end of the following day. In ted of the simulation another

small rainfall event bring 3,5mm of water at 7.3@.P
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Figure 4.13 Application of Standard Parameter Set ougust 25 and 26 events in

Uninformed Site

In this case infiltration rate was decreased ireprid simulate an higher water
losses during the event. This variation can bedoetto a variation of interception
phenomena but to an higher evapotranspiration hatéact, during night hours,
the solar radiation is null, so theyEERlculated with Penman-Monteith equation is
minimum. Probably, in this case the equation nomutates well the
evapotranspiring processes and effective Et isamnighnother explanation can be
done considering the effect of fracture on leacherq. In fact, fracture can have
locally and temporally increase the hydraulic cartdhility of the soil increasing
the water losses. Simulation on the Uninformed isiteot significant because of
the averaged data available for this period arainbtl by a model prediction and

a comparison with observed data is then meaningless
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4.2 \Water Balance

Inserting Equation 3.25for the evaluation of the leaching term L, aaquation
3.23 evapotranspiration in the water balandeqyation 3.}, the following
differential equation is obtained:

nZr = iy, 0- k6 6N DET- KO0 @)
In between events infiltration is equal to zerottemass balance equation can be

rewritten as:
n[zmdz(—tt:—kq $) OET- K, O6)P (4.2)

In this cases s(t) decreases in time dependinghenevapotranspiration and
leakage on climate variations. The leakage terractsvated only when s(t) is
greater thansshence, if s(t) is comprised betwegnand s*, Ef is constant and
equal to 1, meaning that evapotranspration remavesnstant amount of water,
producing a constant decrease of soil moistureectn¥Vhen s(t) is comprised
between s* andys ET = ksET and ET has a linear behaviour while the solution
of the differential equation is an exponential dyies of s. In the worst case, if
s(t) is lower then,g ET is zero. The decreasing of s is higher whensihil is
close to saturation and then leaching processtigaéed, so when s(t) is higher

than g.
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Figure 4.14 Examples of linear (a) and exponentiabj behaviour of soil moisture during dry

periods

During rainfall events, ET and L are much smalleart the infiltration rate |

[s(1),t] and the mass balance equation becomes:
S
nizr S = i), 4 (4.3)
dt
The typical response of soil moisture to a rainéaknt is a sharp increase, clearly

visible in Figure 4.15 In the following we discuss in more details thiedent

input rates that form the water balance equation.
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Figure 4.15 Examples of soil moisture “jump” duringrainfall event
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Infiltration rate I[s(t),t]:

Rainfall and irrigation rates are defined as a fiomcof the time and specified at
different timescales depending on the simulatechawes. Rainfall data are
available at hourly intervals. Sum of this two &as describe the overall amount
of water delivered on the field by the precipitatidRainfall is a random event
while irrigation timings and amounts were decidegl the farmer, for the
Uninformed site, and considering the water contificit for the Informed site
starting the 58 day to the end of the calibration parameters atipi period,o
plays a crucial role in the definition of the itfdtion term.In fact, an important
amount of water has flowed underground throughtiras representing another
source of water input for the two sites. Is notgiloie to precisely define the right
extent of the two areas that contribute to increhsewater input in the localized
control volumes, because of the complexity of thectire system and their
functioning in the crop field. Considering the wégberiod of acquisition, the
infiltration rate is equal to the precipitationegdiecause no overland is produced,
and all the water fallen on the both sites throirglyation or rainfall events is
able to infiltrate into the soil. Cumulative waterfiltration through ground
surface or control volume soil boundaries, inclgditne contribution of the
calibrated parameteks at minutes and daily time scale, on the wholeqgaeof

acquisition, are reported in the following grapbsioth sites:
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Figure 4.16 Hourly infiltration depth in Informed Si te during the whole period of

acquisitions
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Figure 4.17 Daily infiltration depth in Informed Site during the whole period of acquisitions

72



Chapter 4 — Model Results

100

90

80

70

60

50

40

Infiltration [mm/min]

30

20

10

0 1
10/06/2013 29/06/2013 21/07/2013
Date

11/08/2013

02/09/2013

|
23/09/2013

Figure 4.18 Hourly infiltration depth in Uninformed Site during the whole period of

acquisitions
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Figure 4.19 Daily infiltration depth in Uninformed Site during the whole period of

acquisitions

73



Chapter 4 — Model Results

Evapotranspiration: ET[s(t),t]:

Reference evapotranspiration it the Daily Base Model was evaluated using the
Penman-Monteith equation starting form daily averageteorological data. This
means that the value of H$ constant, for the entire day and the fluctuatidue
to the day-night alteration cannot be simulateds Bmplification can be done
only in a daily base model where the calibratiorpésformed considering the
daily mean value of the soil moisture. In the evewidel a mean value of Es
not representative and fluctuations of solar ramattemperature and humidity
have to be taken into account to better reprodueaaily soil moisture dynamics.
This can be noticed in rainfall event fallen duringght hours or irrigation
application which have delivered water in the raitteour of the days. Potential
evapotranspiration Ets defined in function of the crop coefficient whiassumes
the values 0,61, 0,98 and 0,73 during respectivedy initial, middle and end
growing periods. The change of growing period igiaeable considering the
slope of soil moisture decreasing during no-raipsda no-stress conditions. The
middle season period start on"23une and ending on 2&ugust is characterized
by an high decrease of the soil moisture slope tdune higher value of crop
coefficient and thus ET In this season the plant carbon assimilation rate
maximum.

Actual evapotranspiration Et is, finally, dependeott the actual value of
saturation. Evapotranspiration is potential whea $oil moisture is above the
incipient stress point s* while it is null when lkoioisture drops down under the
wilting point stress & When the soil moisture is between s* angdastual
evapotranspiration decrease linearly with the dessng of water content from a
maximum value equal to Etc (s(t) = s*) to a nulluea(s(t) = g). Figures 4.20-
4.21 show the relationship between the three differerapotranspiration
calculated by FAO method: blue areas indicate #ierence evapotranspiration,

red areas the potential maximum evapotranspiratidhe considered maize field,
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while green areas is related to the actual evapsgpieation rate taking into
account the water availability in the solil. In thephs the presence of some red
areas indicates that the evapotranspiration isalvelys maximum and the maize
plants have been stressed in some periods. Furtherthe presence of blue areas
all over the whole period indicate that the maifmnpevapotraspires at a lower
rate with respect to the reference grass crop.

Evapotranspiration Rates

0,3 4

B Reference Evapotranspiration (ET0)
M Potential Evapotranspiration (ETc)
0,25  Actual Evapotranspiration (ET)

0,2 q

0,15

ET-ETc-Et0 [mm/h]

0,14

0,05

0
10/06/13 20/06/13 30/06/13 10/07/13 20/07/13 30/07/13 09/08/13 19/08/13 29/08/13 08/09/13 18/09/13
Date

Figure 4.20 Relationship between hourly Reference Bpotranspiration Et, (blue areas),

Potential Evapotranspiration Et; (red areas) and Actual Evapotranspiration Et (gree areas)
in the Informed Site for the whole acquisition perod
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Evapotranspiration Rates
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Figure 4.21 Relationship between hourly Reference Bpotranspiration Et, (blue areas),
Potential Evapotranspiration Et, (red areas) and Actual Evapotranspiration Et (grea areas)
in the Uninformed Site for the whole acquisition peod

Climate condition of temperature, solar radiatiomd arelative humidity are
considered the same for both sites. The differencethe duration of stress
periods between the two sites are then due tordiffesoil water content, and in
the initial phase, to the larger site of the plamsthe Uninformed Site.
Considering the daily value of italculated summing the entire hourly. &t a

day, is possible to highlight the different seasohgrowth of the maize plant
defined by the three values of the crop coefficiétdgtential evapotranspiration

depends only on climate data of the site and ogtb@ing season.
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Daily Potential Evapotranspiration (Etc)

Daily Potential Evapotranspiration ETc [mm/d]
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Figure 4.22 Daily Potential Evapotranspiration Et in different growing seasons for the

Informed Site
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Figure 4.23 Daily Potential Evapotranspiration Et in different growing seasons for the

Uninformed Site
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Leaching [s(t),t]:

Percolation phenomena trough the deeper soil lsyérad by soil capacitys
threshold. This value is intrinsically defined Iyetcombination of parametergK
and b describing the Clapp-Hornberger low. The High b the greater is the rate
with which the leakage reaches the;Khreshold, while the higher isgithan
higher is the maximum leaching rate. Increasingvtidae of the exponent the soil
capacity threshold increase and the leaching phenanactivate at higher soll
water content. The same effects can be achieveddogasing K. Calibration
assigns a value of 94,2 mm/h tg,#and a b value of 33,4. These values identify a
soil capacity g of 0,407 for the Informed Site and of 0,425 in Yformed Site.
This small difference can be attributed to theedt#ht characteristics of the soil of
the two sites, and not probably to porosity.

Figures 4.24-4.2%5how how the leaching process is activated ontynduainfall

or irrigation applications when the soil moistureceeds the value of.sFor a
better comparison between the amount of waterasted to leakage in the two
sites and its distribution along the whole acquasitperiod, graphs of leaching
term are reported iRigure 4.26
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Figure 4.24 Soil moisture time series (upper graphyith field capacity threshold and hourly

leaching (lower graph) in Informed Site.
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Figure 4.25 Soil moisture time series (upper graphyith field capacity threshold and hourly

leaching (lower graph) in Uninformed Site.
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Figure 4.26 Comparison between hourly leaching in iormed Site (upper graph) and in

Uninformed Site (lower graph)

Soil capacity and the incipient stress point deliime optimal range for s in which
the evapotranspiration is unrestricted and aliviager is efficiently used by plant
and leakages are zero. The ideal goal of irrigagictivities is to furnish water to

the field in order to keep the relative soil moisticontent within the optimal
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range. The corresponding volume of water that neete provided to the field is
called the Readily Available Water (RAW) and carch&ulated as:

RAW, = ZI{J, -F ) =400mni(0,407 0,325 34nm

RAVVminf = Zrl]ﬂfc - 7'9*) = 400 mn[(o, 425— O, 325?: 40‘n[ (44)

Delivering an amount of water higher than the RA/¢ub-optimal because some
water is lost by deeper percolation, while furnighian amount of water lower
than RAW is not efficient because of the reducetktinterval to the following
irrigation application. Only a well performed maming of the soil moisture
content in the crop field and a right knowledgehe soil properties can lead to a
better water management dictating the timing aedofptimal amount of water to
be delivered at each application. Plant tends ¢osaed water as much is possible
to assimilate carbon with the higher rate possitidined by the potential
evapotranspration rate. Thus, if the water contetite soil is greater than s* the
plants transpire at maximum rates and growth amtéde&rop productivity are
maximized. On the other hand, if s(t) is largemtlg leaking increases and some
water is lost and not fully used by plants, theordasing the efficiency of the
irrigation. In the periods when soil moisture isadi@r than g the plant activity is
reduced due to water scarcity. If such a periopgrecdonged in time, plant stress
become irreversible and a loss of productivity esculnFigure 4.28the hourly
data calculated by the model are reported in algtagether with the field
capacity, the incipient stress and the wilting shiaidds. The figure shows that the
irrigation application were well performed delivagi the right amount of water
and with the right timing in the Informed site whethe water balance was
applied. However a further optimization of the watse can be done as described
in the following chapter. In the Uninformed Sitdamger amount of water was
lost, but the farmer decided cleverly on the timarigrrigation applications. In the

following figure water losses defined as a functioh water content are
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summarized. The optimal range of soil water conigeriietween incipient stress
point ©*) and field capacity ). In partial stress conditions the stomata in the
leaves are partially closed and evapotranspiratiecrease while in full stress

condition the stomata are completely closed anktiseno evaportranspiration.

Losses 4 |
C(ET # L) |

-5 partial stress ! no stress

O 0 Orc

T e — -

>
0

Figure 4.27 Water losses in function of the water edent in root zone.
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Figure 4.28 Soil moisture time series and thresholdswvilting point s,, (red line), incipient

stress point s* (green line) and field capacity;gblue line) in Informed Site

82



Chapter 4 — Model Results

Stressed
1710912013

Process
Evapotranspiration
No
Evapotranspiration

Leaching Dominant

j
|
29/08/2013

9/0812013

Date

2010742013

30/08/2013

| | | | | |

_ Lo (L] *

2E R 8 3w B

o] = ) s
uBILOD I8l Al

046
044+
042
10/06/2013

Figure 4.29 Daily soil moisture time series calculatl (red line) and measured (black line) in
Informed Site. Coloured areas indicate s range in hich leaching process is dominant (blue
area), the optimal s range (green area), range favhich evapotranspiration is partially
stressed (yellow area) or completely stressed (redea).
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The integrals of P, I, O, ET and L terms of the evdialance equation over the
whole period of acquisition, represent the panitig of the total amount of water
delivered to the field and helps understanding effeciency of the irrigation
schedules used in the two different sites.

Considering the whole period of acquisitions of tiormed Site, ET term
represents the 77% of the total losses (ET+L) e§88mm, while L is at 23%.
Total precipitation is equal to 353mm and 35mm espnts the difference of the
soil water between the final and initial time ofetkvhole period. The same
percentages are evaluated for the Uniformed Siteheutotal amount of losses is
higher and equal to 415,5mm. In the following peut the losses percentage for

both sites are shown:

ET=[ ETM ¢} 1d
| = joTl [s(1), t]dt
0= ag) 1ot
L= LY, gt
As=[ AgYdt

(4.5)
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@ Evapotranspiration
300,00
7%

B Overflow
0,00 W Leakage
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Figure 4.32 Percentage of ET, L and O water balancetms with respect to the total losses in
Informed Site

@ Evapotranspiration
320,5
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B Overflow
0,0 B Leakage
0% 95,0
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Figure 4.33 Percentage of ET, L and O water balanderms with respect to the total losses in

the Uninformed Site
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The total amount of water actually used by plantthe Informed Site during the
whole period of acquisition, represents only 88% tbke total potential
evapotranspiration. The difference of 39mm indisatee evapotranspiration
losses due to the low water content availabilitgt #re consequent partial closing
of stomata. This fraction of water should be adated by plants, if soil water
availability was not limited, a condition represshtby an s value below the
incipient stress point. Actually evapotranspirateater in the Informed Site is
equal to 300mm while in the Uninformed Site is 320m. Of this large amount
of water only a small part is evapotranspired mnesged condition in both sites,
indicating a good performance of the irrigation estile in both cases. In the
Informed Site 48mm is evapotranspired in stressedlitions and the remaining
252mm with maximum rate. In the other site the am®uof water are
respectively of 33mm and 287,5mm. The percentafjesyapotranspiration are
very similar, 11% in the Uninformed Site and 12%he Informed Site, meaning
that the two schemes adopted have similar watesefosin terms of
evapotranspiration deficit. Evapotranspiration défis defined as the difference
between potential and actual evapotranspiratiors due is null when plants are
no stressed and increases during partial or coeiplstressed periods.
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Figure 4.34 Evapotranspiration partitioning in: Potential ET losses (black), Actual ET (light
green), Actual ET in stressed condition (red) andn optimal condition (dark green) in the

Informed Site.
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Figure 4.35 Evapotranspiration partitioning in: Potential ET losses (black), Actual ET (light
green), Actual ET in stressed condition (red) andni optimal condition (dark green) in the

Uninformed Site.
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Notice that the percentage of actual evapotransmiras quite the same in both
sites thought in the Informed Site plants are ldsseloped. Plants in the
Uniformed Site are slightly large implying a slight larger total

evapotranspiration. Cumulate losses can be plagedfunction of time:

Cumulative Losses

450 4
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400

— — — Cumulative Evapotranspiration
Depth
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Figure 4.36 Cumulative losses partitioned in ET (dd®ed line) and L (dotted line) with

respect to the cumulative | (continuous line) in Iformed Site.
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Figure 4.37 Cumulative losses partitioned in ET (dd®ed line) and L (dotted line) with

respect to the cumulative | (continuous line) in Umformed Site.

Figures 4.36-4.3describe the pattern of the losses in the twa siieh respect to
the cumulative infiltration volume. Overland flow both cases is zero for the
whole period and the only losses are representedevapotraspiration and
percolation. The above graphs is shown that legcHijmmps” occur in
correspondence of infiltration “jumps” while evapispiration increases quite
linearly. This step pattern of leaching curve ig doithe conceptual functioning of
the L term in the water balance equation that besosignificant only above the
field capacity threshold. So the leaching termeigvant only in the presence of
water inputs while remains quite constant during tiher days. Total losses
represent outputs from the control volume over Wwhibe water balance is
applied, but only a fraction of this water is rgafiot used by plants and it is
represented by the sum of evapotranspiration defind leakages. In the Informed
Site the amount of total water lost is equal torhi@8while in Uninformed Site
134mm.
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Another interesting observation is represented Hey ftaction of water, which
reaches the sites through fractures, as descrilyedhd parametem. This
parameter takes into account the morphologic ckeniatics of the two localized
sites in which water balance was applied. So, thatue of a, becomes
meaningless of used outsides the control volumesidered. For the Informed
Site the amount of input water coming from the obnting areas is equal to
74,5mm and represents 21% of the total incomingewan the Uniformed Site
fractures bring in 91,5mm of water which represe2®86 of the total water
inputs. Important is the percentage of irrigatioithwespect to the total water
entering the control volume. In the Informed Skies percentage is 3% lower then
in the Uniformed Site. This shows the effective avagaving in the Informed Site
both in terms of total amount of water (94mm vsrh&f) and in percentage with

respect to the total amount of water received bysites (27% vs 30%).

The subdivision of the different input terms in thater balance is shown in the
following pie chart Figure 4.38andFigure 4.39:
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Figure 4.38 Partitioning of infiltration in: irrigat ion (light green), rain (blue) and water

delivered by the surrounding sites (brown) in the hformed Site.
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Figure 4.39 Partitioning of infiltration in: irrigat ion (light green), rain (blue) and water

delivered by the surrounding sites (brown) in the hformed Site.
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To eliminate the dependencies on the soil charnatitsy, that display clearly
spatial heterogeneity, such as porosity, two oflitenarios were studied in order
to verify the response of soil moisture in the twmbe groups to different

irrigation schemes applied:

- Scenario 1 — Traditional Irrigation Scheme: Theirentrop field is
irrigated with traditional irrigation method withmount and timing
decided by farmer. In this case three irrigationd@nm are performed on
24/6 — 23/7 and 3/8.

- Scenario 2 — Water Balance Irrigation Scheme: lafl trop field is
irrigated with water balance scheme with amount &ming decided
grown the actual soil moisture. In this case thnegations are performed:
34mm on 25/6, 30mm on 23-24/7 and 30mm on 3/8.

Responses to the two different scenarios were esfuthr each probe group:
Informed Probes and Uninformed Probes.

For the Informed Probes application of scenariesults into larger water losses
due to the greater amount of water delivered tosthie In the Informed Site,
RAW volume is equal to 34mm, so the applicationhagher irrigation depth
produces larger percolation rates. Scenario 2 deeseof about 4% the amount of
waste. The pie charts reported below show the ptage of leaking and

evapotranspiration with respect to the total whisses:
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Figure 4.40 Comparison between water losses throudgaching (brown areas) and

evapotranspiration (green areas) in the Informed $é with the two different scenarios

Comparison between the leaking terms in the twamaes for the Informed
Probes is reported beloWwigure 4.41shows the differences between the leaking
term at time t of scenario 2 and scenario 1. Negatalues indicate lower water
losses through percolation with Water Balance Sehapplication to the entire
crop field. These values are observable duringthinee irrigation applications,
and in particular during the third one. In face goil water jump during irrigation
performed on 8 August is influenced by water coming from surromgdareas. If
the whole crop field is irrigated with the tradited method the amount of water

that flows through fractures to the Informed Proisgsigher.
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Figure 4.41 Differences between losses obtained wibenario 2 and 1 applied to the

Informed Site.

Similar results were obtained applying the two scEs to the Uninformed
Probes. If the entire crop field is irrigated wamounts of water decided on the
base a Water Balance Scheme, the leaked volumetef would be lower than
that obtained with a Traditional Method (scenarjolf particular, in this site a
Traditional Method would results in overland flowrahg third irrigation. This is
due to the action of fractures which bring a graatount of water to the site
where the Uninformed Probes are located. The higiaer content does not
allow for further water infiltration leading to Isss due to water flowing at the
soil surface. Comparison between losses percentagdse two scenarios are
reported below:
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Figure 4.42 Comparison between water losses throudgaking (brown areas) and

evapotranspiration (green areas) in the UninformedSite for the two different scenarios

0
10/06/13

T T T T T T T T T T
20/06/13 30/06/13 10/07/13 20/07/13 30/07/13 09/08/13 19/08/13 29/08/13 08/09/13 18/09/13

24

210 4

Differences in Leaching [mm/h]

212 4

14

216 4

.18 -

Time

Figure 4.43 Differences between losses calculatedscenario 2 and 1 in the Uninformed Site.

Water savings represent a benefit for framers ohlthey have no negative
impacts on productivity. The Informed and Uninfodn8ite are then compared,
under productivity profiles, in the next chaptdmough the utilization of several

indices.
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Chapter 5

Discussion

Water savings should be a primary objective fomfans as irrigation represents
one of the major costs of agricultural activiti®ater management has to be
performed at its best in order to minimize lossed maximize field productivity.
Then, a simple comparison between the total amoahtaater used is not
sufficient to establish the efficiency of a giveigation scheme and a comparison
of the field productivity is recommended. In theldi site used in this study, a
complex fracture system played crucial role on smisture dynamics and jointly
with small scale spatial heterogeneity of soil aedetation properties, makes a
comparison between the two different sites in tefrwvater savings problematic.
In fact, the Informed Site have also received wétem the surrounding areas,
while plants grown in the Uninformed Site have reeé water from the
surrounding areas irrigated according to the umfmd procedure, as well as from
the informed site. Crop yield depends on the tat@lount of water received
during the entire season which comprised rainfaligation water and lateral

inputs through soil fractures. On the other hard total amount of water
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received by field, cannot be considered econommdsx, hence it is necessary to
focus only on the irrigation water that represemsactual cost for farmers. In this
chapter a comparison between the two sites is peeft through the use of some
productivity indexes that can link water use topcyeeld, or in other terms, costs
to profits. Indexes of productivity, have to bedakcarefully into account for an

optimal management of user resources and they eaofsidered good terms of
comparison for the two sites investigated. Is th&apolation of the results

obtained to regional scales, in terms of water regsyi has been done by
considering the effective amount of irrigation wasaved thanks to information

available on soil moisture. Extrapolation to alldarger scales provides an
approximate indication about the savings allowedabpetter management of

water resources during agricultural activities.

5.1 Water Savings

Comparing the total amount of irrigation water defed to the Informed Site to
that delivered to the Uninformed Site it is possibb evaluate the actual water
savings a soil-moisture accounting irrigation scherm the Uninformed Site
farmer applied a traditional scheme which consistdelivering always the same
amount of water at each irrigation application. @atlelivered to the field is
defined based on the experience. Irrigation inlecaa be fixed, as driver by the
rate of evapotranspiration, or flexible. In thetdatcase the application dates are
decided based on the plant health, possibly takitgyaccount rain forecasting.
Figure 5.1lillustrates an example of irrigation scheme wiked irrigation timing.

In this study, farmer intelligently furnishes water the field at not-fixed time
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interval. However, the absence of instruments a&blenonitor soil moisture in
Uninformed Site, may lead to water losses throegiching losses or water stress.
In general, especially in the case of fixed inteyyvaraditional irrigation schemes
do not represent the best solution in term of susbde use of water resources

because of the high losses.

s(tinZ, 4

nzrsflz

nzrsw t

v

N g t

T=(RAW/ET,)

Figure 5.1 Traditional Irrigation scheme at fixed intervals.

In the Informed Site, instead, a water balancgatron scheme was applied that
accounted for the available measurements of soistome. In this case water is
delivered with flexible dates accounting for thé saoisture. Irrigation is applied
considering the actual soil water deficit. Rainfalents between two applications
delay the subsequent application and irrigatiorpeésformed with the proper
amount of water (that is equal to the RAW, <&eapter 4. The number of
application is generally lower than that obtainathwhe traditional method and
the water savings are significant. In this study tlumber of application for the
two different irrigation schemes were deliberaidtpsen to be equal. This type of
irrigation scheme requires probes and instrumeblis & monitor soil moisture
and process the measured data. Installation andtenance of this type of
instrument represents a low cost for farmer, whiah be amortized thanks to
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significant water savings. Water balance irrigatischeme, coupled with a
sprinkler irrigation technique, can represent tastlefficiency/cost ratio for many
type of crops and soils. IRigure 5.2 a representative scheme illustrates the
comparison between water balance and traditiorgdaiton schemes. While
traditional scheme has fixed applications timingtev balance allows for delays

when rainfalls increase soil moisture.

s(t)nZ, 4
e T B
™~ ] | i Y \
.- A
|
nZs”* 2
deiay&T
T (traditional) T+AT (water balance) t

Figure 5.2 Water Balance Irrigation scheme

In this study the Informed Site has received d iatgation depth of 94mm while
the Uninformed Site was irrigated with a total amoaf 120mm water. Savings,
in terms of water depth, are about 26mm. If we mersthe total amount of water
received by the two sites, taking into accountfedi® and fractures activities, the
total water saving increases to 43mm. The effigieat the irrigation scheme
applied can be evaluated only taking to accountfitdd productivity. In fact, a
simple water saving can results in a lower proditgtidue to the higher plant
stressing, in particular, when stressed period rodating the flowering season of
the maize plant. Water productivity (WP), as sutgreby Pereira, 2007 can be
defined as the ratio between the actual yielg @nd the water used [kgthper
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hectare of surface, refers to the total water 03¥U), including rainfalls and
other water inputsHquation 5.). However, is better to referring only to the

irrigation water used (IWU) like described in tlidldwing equations:

__Y

VP TWo (5.1)
A

WPl = (5.2)

The FAO manualAllen Et Al., 1998 addressed the relationship between crop
yield and water use by proposing the use of a €iraguation where relative yield
reduction is related to the corresponding relateduction in evapotranspiration.

Specifically, the yield response to ET is expresssd

A ET,

1

)= KY Hl_

MAX ETMAX

) (5.3)

Where Yuax and Y, are the maximum and actual yields,Jz{ and ET, are the
maximum and actual evapotranspiration rate, apdska yield response factor
representing the effect of a reduction in evapapaation on yield losses. The
yield response factor includes many biological, ¢tg and chemical processes
involved in the linkage between production and watee by crops. Kvalues are
crop specific and vary over the growing season raieg to growth stages

[Doorenbos and Kassam, 1971

- Ky>1: crop response s very sensitive to water defidih proportional

larger yield reductions when water use is redu@abse of stress.
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- K,<1: crop is more tolerant to water deficit, andonezrs partially from
stress, exhibiting less than a proportional reductn yield with reduced
water use

- Ky=1yield reduction is directly proportional to rexa water use

The FAO suggested a set of ¥alues defined as a function of the growing season
during which water stress conditions occur. Typycdlowering and yield
formation stages are more sensitive to stress,ewstitess occurs during the
ripening phases or in the vegetative phases #stdnlimited impact, provided the
crop is able to recover from stress in subsequeges.Figure 5.3 shows the
different maize plant growing season aRtjure 5.4 the related K values

suggested by the FAO manual:

"n'ik'.'

Emet
gence

Establishrment (0] Vegetative (1) Flawering [2) Yield Ripening
Formation |
13)

15-25 days 25-40 days 15-20 days 35-45 10-15
days Days

Figure 5.3 Maize plant growing seasons (FAO)
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Figure 5.4 K, value in function of evapotranspiration and yielddeficits (FAO)

Right after the end of the acquisition period, tsamples of corn have been
collected from each site. The harvesting was peréor by collecting the maize
row above the probes and two adjacent rows, so asver an area of about 4m
(0,0004ha). Plants have been weighted separatelythi® two sites, before
removing and weighting the corncobs. The numbergraihs of a representative
number of corncobs was calculated for each siterbefemoving the cobs and
weight the grains. A sample of grain for each sites analyzed in the laboratory
to estimate the specific weight and relative hutyidif the two samples. All the
information derived from the laboratory analysie aeported infable 5.1 which

shows that no significant differences were obserbetiveen the two samples

derived from the two sites. Small differences addurctivity can be explained by
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the small scale differences in the fertility of thail, but it can be also related to
the sampling procedure adopted.

Table 5.1 Harvest data

Informed Site Uninformed Site
Sample Sample
Number of plants 27 26
Number of corncobs 29 29
Total weight of the plant [kg/plant] - W 12,5 15,5
Total weight of the corncobs [kg/cob] 9 9
Average number of grains per corncob
[grains/cob] o1 039
Total weight of the grains [kg] - W 7,3 7,4
Seed temperature [°C] 20 19
Relative humidity 25,7 25,9
Specific weight [kg/hl] 72,8 72,6
Weight of grains per plants [kg/plants] 0,27 0,285
Weight of grain per weight of plant 0.584 0.477
[ka/kg]

The total weight of grains (VY represent for farmer the actual crop yield which

can be expressed per unit of surface considerimy silvface of sampling
(A=0,0004 ha):

W._.
v, =an _ 1855010
‘ A ha
W,
Ya uninf = g.uninf =1850()—kg
’ A ha
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Result confirms the similar productivity of the twites in terms of tons of grains.

Water productivity (WP) is then evaluated consiggEquation 5.1as:

WP, =Y =517 X0
TWU hallmm

WPuninf - =46, ———
TWU hallmn

The results suggest that water productivity in infed site is higher of about 6%
than in the Uninformed Site though the lower weighgrains harvested because
of the lower quantities of water used. For the farimterests total water use is not
a useful parameter to taking into account, becafise not correlated with the
costs related to irrigation practises. Than thal totigation water used (IWU) was
used instead the TWU like described by equaiquoation 5.2

WPL =_Ya_=1941 K9

"WU T Thalmm
WPl =—Ya —1542 K9
WU halmnr

This parameter is strictly linked to the econonaturns of the crop because of the
irrigation activities represent on of the major tsofor agricultural activities.

Informed Site irrigation water productivity is highof about 22% with respect to
the water productivity in the other site. This dst@gest important money saving

during irrigation applications for the farmer.
The method suggest by FAO was finally applied imleorto evaluate the

maximum yield obtainable in absence of stressega@vanspiration during the
whole period as described bfquation 5.3 In Informed Site, stressed
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evapotranspiration occur predominantly during thddie season when the yield
is forming. Accordingly yield response factor wast £qual toFigure 5.1
Employing a linear decrease of yield productivitypportional to the decrease of

evapotranspiration rate.

T, k
Viwe = Y, FF = 20683

a

Where ETax is equal to 340mm and ETo 300mm. Ensuring an optimal range
of soil moisture during the whole season and themdaany stressed condition,

the maximum yield obtainable is the 13% higher witispect to that actually

obtained (%) in Informed Site. In Uninformed Site, stressechditon was

present in different growth stages of plant, thgnaés set to 1,25 like indicated

in Figure 5.2
Y, kg
YMAX,uninf = ET = 21379@
1- Ky {(1-—2)
ETMAX

Where Eax is equal to 359mm and E@ 320,5mm.
So, in the Uninformed Site, in optimal conditiore tmaximum yield obtainable is
15% higher then the actual yield.

The comparison between these two sampling sitesscggests that a water
balance irrigation scheme, coupled with a contisuowonitoring of the soil
moisture, can then decrease significantly irrigatiater volumes (22%) assuring
a satisfactory productivity. The crop yields ob&lnn the two sites are the final
products of a carbon assimilation process perforbyeplants which have used a
total amount of water of 353mm and 396mm respelgtive Informed and
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Uninformed Site. Equal productivity is then obtdleawith a difference of 43mm
of water depth. The total amount of water receibgdeach site investigated
includes water coming from surrounding zones, whahount, is strongly
correlated to fractures disposition and charadtesisSo, productivity indexes and
yields obtained from previous formulas cannot bgliad to different sites.

The efficiency (E) of each irrigation can be easidiculated by considering the
ratio between water stored in root zone (I-L), ilyadvailable for the roots, and

total infiltrated water (1):

| (5.4)

The farmer has applied a traditional irrigation estle in which the amount of
water delivered at each application is fixed (40manyl the timing is decided
observing the plant leaves and rainfall events aretegical predictions. In
Informed Site the total amount of water delivere@ach application was decided
considering the actual soil moisture and soil-vatieh features. In the following

table are summarized the three irrigation applcati

Table 5.2 List of irrigation applications in the two sites during the whole period

Irrigation Infiltration Leakage o
o Date Efficiency
Application [mm] [mm]
First Irrigation 25/6 34 0 100%
Informed
Sit Second Irrigation  23/7 30 0 100%
ite
Third Irrigation 3/8 30 6,9 7%
First Irrigation 24/6 40 0 100%
Uninformed o
si Second Irrigation  23/7 40 0 100%
ite
Third Irrigation 3/8 40 23,5 41%
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Efficiency in the Informed Site is optimal duriniget first and second application
while during the last irrigation was delivered anaant of water higher than that
necessary to reach the field capacity. This istdueactures that have brought a
consistent volume of water from the Uninformed areathe Informed Site during
the previous Uninformed irrigation. The first aretend irrigations were applied
with the right timing when the evapotranspiratiomswstressed, while third
irrigation should been delayed in order to avoidewdosses trough percolation.
Above table shows clearly the higher efficiencytioé water balance method
compared with the traditional one. In the Uniforn&te, in fact, efficiency of the
third irrigation results to be extremely lower thianthe Informed Site. Also in
this case the greater amount of leached waterdgaltracture’s action rather than
to a bad irrigation application. To avoid theseskss the farmer should have
avoided fracture formation, which redistribute in anpredictable manner soll
water. A well performed rainfall forecasting colildve avoided losses during the
first rain (June 25) by delaying the first irrigati application.

Other interesting data related to the comparisotwden the two irrigation

schemes adopted in this study can be derived fnenfiollowing indexes:

- Kilograms of biomass (W per hectare produced per 1mm of infiltration
depth

W, kg
B — b,inf =88,
T TwWU halCmm (5.5)

inf

— Wb uninf 8 kg
Buninf - , _97’
TWU haOmm (5.6)

uninf

- Kilograms of grains (W) produced per kilograms of biomass
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Wg inf
Ginf =T =0,58
b,inf (57)
Wg uninf
Guninf T =O’48
Wb,uninf

(5.8)

Indexes are calculated per hectare of field. Th& fndex confirms the largest
grown of the Uninformed plant’s probably due bothlarger amounts of water
received and higher field fertility, while the sedbindex highlights the higher
productivity of Informed Site which is able to pramk 20% of grain weight more
per plant weight than Uninformed Site. Plants ia Uninformed Site are higher
but the corncobs and grain weights. Two sites hesgistered an equal
productivity in terms of total grain weight, butetinformed site has received
43mm less than the Uninformed site. Part of thi$edince of water amount
delivered to the field depends on site propertidse Iporosity, fracture
development, position of site within the entirefeeld and its morphology. We
can reasonably assume that, between these fatiersne that has had the greater
influence on the different behaviour of soil morstis the different functioning of
fracture systems which have brought 17mm of watéhé Uninformed Site more
than in the Informed one. The remaining differemepresents the different
amount of water delivered to the field by irrigatj@nd represents the 60% of the
total water difference between the two sites. Aglmieasonably, we can assume
that the productivity is lower, but at least equal,the two sites also in the
absence of the fractures. Therefore we can, cdacthat a significant saving

(23mm) has been obtained without compromising teywtivity of maize field.
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5.2 Extrapolation to Regional Scale

Starting from the data discussed in section 5.1lexrapolation to a larger scale
was performed in order to quantify the real advgesaallowed by suitable soil
moisture monitoring in agricultural soils. Extraptbn was first performed on the
whole maize field hosting the experiment and thantle total maize surfaces
irrigated in the Veneto Region.

The surface of the maize field hosting the expenime approximated equal to
10ha. Total water volume (TWV) and irrigation watetume (IWV) delivered to
the field can be than calculated as:

TWV, . =TWU, . [5=39611G 010110= 39600° (5.9)
TWV,, = TWU,, [5=35311G 010 16= 353006° (5.10)
WV, = IWU,  [$=94010°Ma116= 9400° (5.11)
WV, =IWU . [$=120010° 010116= 12008° (5.12)

Where TWU is the total water used [mm], IWU is tobé&al irrigation water used
[mm] and S the field surface [h&quation 5.12minusEquation 5.11suggests a
difference in between the two sites equal to 260@f irrigation volume.

Assuming a capital cost for farmer to irrigate dwetare of field of about 5€ per

millimetre of water delivered. Costs can be esteddor the entire crop field:
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IC., =IWU, , [T 5= 94[B[10= 4700 (5.13)

inf

IC .. =IWU .. [C[5=120[bL10= 6000:f

uninf uninf

(5.14)

Where IC is the total irrigation cost expressed,UMs$ the total amount of
irrigation water [mm], C is the cost of irrigati@ctivities and S the field surface
expressed in hectares. Considering the purchaseottise TDR instrument and
the relative installation and maintenance cosb&rof about 100€ per years for a
10 hectares field (considering 10 years of instmim@peration) the effective

saving (IC’) for farmer is calculate as:

IC" 4 =1Cint -Cror :4600§ (5.15)
y

IC"s =1C ¢ -Crog :5900§ (5.16)
y

The comparison results into 1300€ saved which ssmrtethe 22% of the total
irrigation cost in the Uninformed Site. Data re@msan approximation of the real
irrigation cost on field because of the non lingabietween costs and millimetres

of water delivered.

Extrapolation can be extended to a regional saahsidering the total amount of
irrigated surfaces of maize in Veneto. Maize cropet about the 25% of the total
Italian cereals crop surfaces and about 13% ofdts Italian cultivated areas as
shown inFigure 5.5[Istat, 201Q.
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O Wheat [ha]
542.873,80
9%

OAlternated Forages [ha]
1.917.849,51
32%

@ Durum Wheat [ha]
1.419.106,23
23%

O Barley [ha]
262.050,40
4%

@ Vegetables [ha]
299.681,67
5%

B Industrial Plants [ha]
342.794,17
6%

B Rise [ha]
245.824,38
4%

O Maize [ha]
890.237,46
14%

O Sugar Beet [ha]
58.650,35
1%

B Potatoes [ha] @ Dried Leguminous [ha]

27.%)%/4,87 139.139,62
0} 2%

Figure 5.5 Hectares of cereal’s cultivated surfacen Italy

Of the total maize cultivated surfaces in Italy9%B0 ha (58%) are represented
by irrigated lands. In Veneto we can find the 17%dlos total irrigate maize
croplands present in Italy for a total of aboutO®8®ha Figure 5.9. Figure 5.7

shows the different irrigation system adopted oigated corn field.

@ Piemonte [ha]
O Lombardia [ha] 111372
210517 21%
41%

@ Other Regions [ha]
8526
2%

O Veneto [ha]
89814
17%

O Emilia Romagna [ha]
B Friuli-Venezia Giulia [ha] 43816
32647 8%

6%

B Toscana [ha]
3678
1%

O Umbria [ha]
4908
1%

O Lazio [ha]
7877
2%

@ Campania [ha]
5904
1%

Figure 5.6 Hectares of irrigated maize in Italy
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O Sprinklers Irrigation
67346
75%

@ Inundation
0
0%

ODrip Irrigation
0
@ Surface Irrigation/Controlled 0%
Furrow Irrigation B Other Irrigation Techniques
18149 4318
20% 5%

Figure 5.7 Hectares of irrigated maize field in Ven® subdivided by irrigation method

adopted

Most of the sprinkler irrigated lands {Sdon’t use any type of soil moisture
monitoring with the objective to reduce the watesses. An extrapolation to
regional scale, of the water saving percentagerdadan the studied maize field,

can give an estimation of the total water volume mroney saved.

Total water volume used for sprinkler irrigation amaize field in Veneto is
192.803.257 rh[Istat, 201(. Assuming reasonably that the most of the speinkl
irrigated lands has no provided with soil water itamng system, we can
consider a total amount of 192,8 Mnof water that could be better managed by
coupling water balance method to soil moisture nooimg. This value is obtained
considering an average water saving of 22% asanell by our experiment.
Considering this percentage of savings, about M@ of water volume (Y can

be saved at regional scale. Mean irrigation wagptlt saved § is then equal to:
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s (5.17)

Where S represents the total irrigate corn fieldages in Veneto Region using
sprinkler system. Monitoring the dynamics of thé swisture into crop field it is
possible to saving an average irrigation water ldept 63mm. Assuming a mean
irrigation application of 40mm it is possible tore@rt this data in euros saved
(E9):

E. =1,[C[5,=21.000.000: (5.18)

Considering the TDR installation and maintenanc&tc@Gpgr) of about 10€/ha

per year effective earn {lEamount can be estimated as:

E.'=E,-100S =20.300.00C (5.19)

In 2010 maize field yield in Veneto was of aboutt@fs per hectare (Y), and the
price of maize was 20€ per tonsPAssuming no change or limited changes in
field productivity it is possible to calculate thetal amount of profits (P)

obtainable from maize field in Veneto:

P=Y[§0P=171.000.000  (5.20)

So savings in irrigation water volume representsuathe 10% of the total profits
obtainable from irrigated maize field in Veneto Reg
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All the data reported above are to be consideremmsoximated values of
savings. A lot of other factors influences the prdity and the costs of maize
production like soil type and texture, maize tygawing period, irrigation scheme
adopted, but first of all rainfall variability. Finer this comparison was performed
using water savings obtained in a very small méeld in 2013 and data about
surfaces and water volumes registered by Istaethears before. Price of maize
and water, surfaces cultivated with maize, irrigativolumes and techniques
change every year in function of the variability ofarket's low and
meteorological events. So the precision of theagxtiation decrease with the
increasing of the spatial and temporal scale adopiewever, we can conclude,
that 10% of euros saved is a reasonable valuedsmisy that, unfortunately, soil
water monitoring systems are practically not usad arigation scheduling is
dictating only by farmer experience, that, for hgaod it could be, can never be

as precise as objective measurements like thosedpibby probes.
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Chapter 6

Conclusions

Water is one of the more important factors thaugrice the quantity and quality
of crop yield. A well performed management of warteagriculture activities, can
then, increasing the field productivity and minimg the water losses and costs.
Irrigation is needful when water delivered by ralhfevents is not sufficient to
ensure a good water content in soil. Often, itrayatiming is decided based on
the farmer experience, observing plants leaves atace soil moisture. In
reality, plant’s health is dictating by the dynamif the soil moisture present in
deeper soil layers where roots are located. Harepdt zone, a multiplicity of
processes contributes to continuously modify théewaontent influencing the
water uptake rate performed by root system. Sdiénthat can be readily used by
plants is defined as RAW (Readily Available Wataenyd it is linked to soil and
crop characteristics. The farmer objective shoutdtiat to maintain the soil
moisture in the optimal range in which the waten ¢e uptake by plants for
assimilate carbon, and losses due to leaching arenal. To reaches this target,

farmers have to modified their approach to thecatdfre activities, integrating
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their own sensibility gained with annual experienedgth modern measure
instrument able to furnishes objective informatiamout the actual soil water
content and dictating irrigation timing. Undergrdurprobes, positioned at
different depths in root zone, have to be coupléith wformatics systems and
modern irrigation techniques in order to maximilze efficiency of the irrigation
applications. There are three main concepts abdlse of a good irrigation water
management: uniformity of the water distributiomaant of water delivered and
timing of applications. While the first one is asdg parameter relative to the
chosen irrigation method, the other two are strpriglked to the soil moisture
dynamics. In fact, the amount of water that shdaddlelivered to the field during
an irrigation application depends on the soil props, on the actual soil
moisture, on the amount of water that could beestoand finally on the
evapotranspiration rate of plants during the acgm@wing stage. Thanks to
modern probe installation the timing between twobssguent irrigation
applications can be decided considering the ada#élmoisture and soil-plants
characteristics. Probes, positioned in the rooezean measure continuously the
soil moisture; data are after send to a transmisstation that elaborates them
through a water balance and displays results iphgcaerms. The chance to know
at every time the soil moisture profile in cropldi¢acilitates the management of
irrigation applications, providing useful indicat®about best irrigation practices.
This thesis investigates soil moisture dynamicseerpental data and models. In
2013 the soil moisture of a maize crop field in &lone, Veneto, was
continuously monitored for the whole season by sixderground probes
connected to a TDR instruments. Probes were sudativin two groups: an
Uninformed Site irrigated with a tradition methoasled on farmer experience and
an Informed Site where the amount of water andnignof each application was
decided elaborating the measured data and appdyimgter balance scheme. The
acquisition period lasted for 101 days in whichethirrigation application were

performed. Finally a minimalist Model was develogadorder to evaluate the
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different components of the water balance as wsllsail and vegetation
properties. The model allowed an estimate of théemwsaving in the Informed
Site. The total amount of water received by the sites where probes were
positioned was, found to be, strongly affecteddagture formation. The effect of
fractures was modelled as an additional water inplddel performances were
judged satisfactory, and soil moisture dynamicgerly reproduced at the daily
and sub-daily time scale the measured data innvestigated maize field via the
calibration of reduced number of parameters. Fiaallts suggest that thanks to
soil moisture monitoring a water saving of abou¥@2®@ith respect to the total
amount of water delivered by farmer on the Uninfednsite (120mm) has been
achieved without compromising the crop productiwityterms of grain weight. A
comparison between the two different irrigationesdles is achieved comparing
the cumulative losses obtainable in the same Bitenating any dependencies on
soil properties. Water productivity, was then ewddd considering the total
amount of water used and the total irrigation waised. Water in Informed Site
result to have more productivity with respect tattluelivered by farmer in
Uninformed Site in terms of crop yield, but it maler in terms of kilograms of
biomass per millimetres of total water used. Finalh extrapolation to field and
regional scale, has allowed for an approximateregion of the euros saved if, in
all sprinkler maize field in Veneto, was appliedvater balance scheme coupled
with a soil moisture monitoring during agricultueetivities and all surface
irrigate maize field were converted to sprinklergation techniques. Results
suggest that the total incoming euros from thedysdlling can be increased of
about 10% considering the irrigation water saved.

Monitoring soil moisture probes and water balancegation scheme can
represent an important step for the improvemenh@fenvironmental quality and
preservation. Water delivered to plants, when uptale is maximum, avoid for

nutrients washout with consequent benefits alswintional terms for plants.
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Chapter 6 - Conclusions

Further experiments should be performed in orderh&we more detailed
description of the hydrologic processes investgjatethe water balance scheme
and assuring for more uniformity in water distribat during irrigation. The
comparison between an Uninformed and an InforméslsBiould be performed in
two separate fields with same crop and climate agtaristics and similar soil
properties in order to avoid any type of hydraulicenterference between the two
sites. TDR instrument sensitivities to externaltdes like temperature should be
checked in laboratory to increasing knowledge abloaitreliability of the probe’s
measurements. Finally, a more precise study ors @vst benefits of probes usage
in crop field could provide a more reliable estiemaf the earnings induced by

water savings allowed by hydrologic measurements.
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