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Technical manual CRITERIA

Introduction

This manual is a reference guide to scientific theories algrithmsused within the model
CRITER]JAhereforethis is not an explanation for users of tpeactical operatios of the program.
For a complete description of the interface commands, see the "User Manual”

CRITERIAeveloped bythe Agrometeorology Area andydrometeorological Service Territory of
Arpae EmiliaRomagna, is the result of a collective effort that began in the ninetiescted by
Franco Zinonand Vittorio Marletto. The interface is the work dbabriele Antolini, Fausto Tomei,
Tomaso Tonelland the modeling code is bgabriele Antolini, Fausto Tomaijttorio Marletto,
Franco Zinoni, Giorgio Ducco, Margot Van Soetendael, Luca Crianddidarco Bittelli.



Technical manual CRITERIA

Index
1o [8 o1 1o o PO PP P PP PPPPPPPPPP 2
L0 o PP P PP PPPPPPPPPPPP 3
The water DAlanCe.............uvvii e B
1.1 Infiltration and redistribDULION.............oiii i 5.
1.1.1 Layerbased empirical MOAEL.........ccoovviiiiiiiiii e 5
11,11 MaxXimum iNfIFALION. ......coiiieiee e enn e e e s 5
1.1.1.2  Infiltration and rediStribULION............oiii i e e 8
1.1.2 The numerical MOEL.............oou i 11
1.1.21  Numerical FOrmMUIALION. ........ooiiiiieiie e e e e rr e e e s anrreee e e 11
1.1.2.2 L= To 0] o F= T YA ot o] g o 11T g - 13
1.2 SUIMACE FUNOT....c e e e e e e e e 14
(G B B 1T =T o o | =11 F= T = PP PP P OPPPPPPPPPPPPN 15
1.4 CApPIllary MSE... oottt a e e 16
1.4.1 Capillary rise in the sereimpirical model..................oo i 16
1.5 Potential evapotranSPIratiON............eueiiiiieeiiiiiiiiiiii e 20
1.5.1 Hargreaves and SAMANI...........uuueiieriieiiiiiiiiieieieeeeeeeeee e e e e e e eee s s arreeeereees 21
1.5.2 PenmManMONLEITN ....couiiiiiiiiiii et 22
1.6  Evaporation and tranSpiratiQnl...............ueeeeeieeeiiiniiiiiiiiieeee e e e e 23
1.6.1 The maximum evapotranSPIratiON..........cccuuruurrireiiereririeeeeeeeeeeeeeeeeeeaeeaeee e e e e e e e e e e e s eaaaeanns 23
1.6.2  ACIUAI traNSPIFALION. . ...eiiiiieiieicecc e e e e e e e e e e e aaaaaaas 25
1.6.3 The actual eVapOration............ccoieiiiciiiiiiiiiii e e e e e e e e e e e e e e e e e e e e e e e e e e s aaaaeaseaaaanns 30
1.7 WaALer DAIANCE. ...t e e 31
2 The pedotransfer functions and water retention CUIVES...........cooovvveeeeiiieieeiiiiiiiiiiiieiee 32
2.1  The water retention curve and the Campbell pedansfer function.......................... 33
2.1.1 Pedotransfer functions for parameter estimation.................ooooiiiiciiiicii e 35
2.2  The water retention curve of van GenuChten.............ccooviiiiiiiiiieiiiee e 36
3 The crop: growth and development SimulatiQn...............cooovviiiiiiimiiii e 37
3.1 The standard model IERITERIA ... 38
31,1 The SUM AEQIEE TAYS.....iiiiiieiiieeee e ee ettt e et e e e e e e e e e e aaaaaaaaaaaaaeaaens 38
3.1.2 The development of the epigeal PArt............cooiiiiiiiiiie e 38
3.1.3 The development of the hypogeal patt..............oooiiiiiiii e 40
3.1.3.1  Computing of the parameters of the function of growth...........ccccccceeiiiiiiiiiii 40
3.1.3.2  Computing of rooting depth...........cocviiiiiiiiee e AL
0 I R B = (o To ] o [T 0 171 Y PP TP 42

3



Technical manual CRITERIA

3.1.4  Irrigation MANAGEMENT.....ciiiiiiiirtieieee e e e e e e st e e e e e s e e e e e e s asnrr e e e e e e s sannrnneeeeeesansd 43

The water balance

Toassesshe water balance of cultivated or fallow grourall the contributions and loss of water
along the vertical profile of sdilave to be computed

The amount of water from rain or irrigatiotinat infiltrates into the ground depends on surface
conditions (buling, crevasseshn the hydrological characteristics of the first layer of soil and its
water content. The water that cannot be absorbed from the soilects in pondsformed by
surface roughnessncethey arefilled they cause surface runoff.

The pocesses of storage andfiltration are governed bgoil waterpotential difference. Each soll
horizon is characterized by its water retention curve, described by sonaeacteristic water
potential points- such as moisture saturatn (SAT), the fieldapacity (FC) and the wilting point
(WP. Depending on the water content, the layer can absorb water or transfer it to the layer
below. In the presence of water tablethere may also be a supply of water to deeper layessa
result ofcapillaryrise.

The presence of a crop or natural vegetation produces water losshe root zone through
transpiration, and simultaneously reduces evaporation loss in the surface layers covering the soll
surface. Depending on the type of sall, its water content and the plogical stage of the crop,

the water in the soil is more or less available to plants, thus affedsriganspirationrate.

Together, all these phenomena constitute theil water balanceThe following sections describe
in detail all the processes by wh these phaomena are simulated ithe Criteriamodel.
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1.1 Infiltration and redistribution

Infiltration is the process of transferring water fraime soil surface intohe soil, where it becomes
soil water content and originatesredistribution processes such asubsurface flowin the
unsaturated zone andgroundwater flowin the saturated zoneAs already mentioned, the
procesesof transferring water within the soil ardeterminedby soil waterpotential differences.
Factors suclastexture, structureg and organic matter content of a soil horizaall determine the
shape of thesoil water retentioncurve, and thelocationof the soilsaturationpoint (SAT), theiéld
capacity (E), and the wilting pointW/P). Depending on the water content, the layer can absorb
water or transfer it to the underlying layefree flow of water desnot occur if the layeR &ater
content is between wilting point anfleld capacity (the soil holds all the water it recesventil t
reaches E). Qver the FCvalue water is considered free and will move dowards depending on
the infiltration rate and water content of the soil layetbat are crossed, eventually reaching the
aquifer.

In Critefa, infiltration and redistribution can be simulated with two differentapproaches
depending on the user's choice: layerbased, semempirical conceptualand a numerical
physicallypbasedmodel

1.1.1 Layerbased enpirical model

Gonceptual modelssuch as the one present in CRITERBproximate thephysical processes
through simplified schemes adapt¢a describe reality by means sémiempiricalmodels

While conceptual models are nable to describe theprocesses with he same precision of
physicallypased modelsthey presentsome advantagewith respect to the latteyin particularthe
greater computational speed which facilitats their use in computer models designear
simulations at the regional (or territorial) scaleMoreover, asimple modeling approach is
mandatoryin many cases becaa of the lack of the necessary parameteeded fora more
detailed represerdtion of the phenomena

The following paragraphs witlescribeall the components of thdayerbasedempirical model
implementedin CRITERIA

1.1.1.1 Maximum infiltration

The amount of water that caflow through the layer depends on its water content and the
permeability of the same and is estimated using the following equation (Driessen, 1986):

a q 0
| e :10*50*2- <1 -0+10* A, ©1)

(o]
(; qsat+
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Where Ivyax maximum infiltration(Driessen, 1986) [mm d?]
S standardsorptivity (reference valuefor texture) [cm d°7]
q  volumetric water content of théayer [m3m™]
Jsat  VOlumetric water content at saturation [m®m™]
An  hydraulicconductivity at the wetting front (reference values for [cm dY]

texture)

The soptivity S represents the infiltration rate determined by the single matpatential. The
standard soptivity is defined for soil with zero water content, whose values are reported in

Tale 0-1.

Texturalclas®s Aalcm d1] S [cm d0.5] Ko[cm d-1]
Sand (S) 30.33 21.44 50
Sandy Loam(SL) 17.80 19.20 26.5
LoamySand(LS) 9.36 17.57 12
SiltLoam(SiL) 5.32 14.46 6.5
Loam(L) 3.97 11.73 5
Silt(Si) 8.88 13.05 14.5
Sandy ClayLoam(SCL) 16.51 19.05 23.5
Silty ClayLoam(SiCL) 1.18 6.15 15
ClayLoam(CL) 0.76 4.70 0.98
Sandy ClaySC) 2.94 10.74 3.5
Silty Clay(SiC) 0.80 4.98 1.3
Clay(C) 0.15 1.93 0.5

TaHe 0-1. Reference values of infiltratiorspeed of the wetting front(Ay,), of the somtivity (§) and the saturated

conductivity (Ky) depending on the differentextural classegDriessen, 1986).

In equation(0-1) three input parameters are identifiedS, gsa:and An) andtwo state variablegq
andTgp). In thisCRITERMersion the parameterP; (the simulation time stepis equal tol.

Figue 0-1 shows the effect of the parametel§ and A on the total value ofl,.x of contained
water to WPand FCfor all textural classe#t saturation the effect oforptivity S is equal to zero
and Inax depends only onmAa. For claytexturesthe effect of § greatly increases to the highest

potential (\WP), for the sandexturesthe effect ofS is less sensitive
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Figue 0-1. Effect of § and A4, on maxmum infiltration (s @ field capacity (FQ and wilting point (WP) for the
different textures (Tdp=1, S=saly, SE=Sndy Loam, BE=Loamy SandSil= Sity Loam L=Loam, SiSIty, SCESandy
ClayLoam SiC=Sity Clay LoamCI=Clay LoamSC= Sandy Clay, SiG Sity Clay G-Qay).

The absolute values tf.xvary by several orders of magnituds functionof textural class (Figure
1-2): in particular maximum infiltration is greatly reduced in botlry and wet conditionsy
increasing the clay contenfigue 0-2, showsthe effect of soil moisture oy, values
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Figue 0-2. Maximum infiltration (Ia) after a day of rain at field capacityFQ and wilting point (WP) for the
different textures (S=sandy, SL=Sandy Loam, LS=Loamy Sand, SiL= Silty Loam, L=Loam, Si=Silty, SCL=Sandy Clay
Loam, SICLi#§ Clay Loam, CL=Clay Loam, SC= Sandy Clay, SiC= Silty Clay, C=Clay).

The influence of the temporal variable of days since last ray) @ modest in both absolute terms
and in comparison to the changes made by other varialftegie 0-3).
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Figue 0-3. Maximum infiltration (Ia) consequentlyto the number of days since last rai@Water content = field
capacity).

1.1.1.2 Infiltration and redistribution

The soil profile is divided into a number of thiemputationallayers (usually 2 cmpand the
computation of water flow by layer starts frothe bottom of the profile, which in the CRITERIA
simulationsis usually locatect 2 m depth. However, the user can select any depth for the soil
profile. A wetting front is determined tven a layer hasvater content €) greater than itsfield
capacity FQ, and an initial flowis definedconsidering the amount ofvater that canbe moved
and by the difference between the actual water content and the field cap@ciig. Theamount

of water that actually moves and the length of the downwatdft depends on the water content
and the texture of the underlying layers.

As described in Sectidl.1.1.1, each layer is characterized by an infiltratiof the maximum daily
amount (Imay. TO estimate the maximum displacement of the waterfrotite maximum

infiltration of the underlying layer at the waterfrons calculated If the water content oflayer

exceeds the field capaciiy pas®sto the next one This computation continuesintil the water

front encounters a layer in which the amountioatoming waterdetermines a total water content
of that layer that is less thaRC then the waterfront is stopped.

Two conditionhave tobe satisfied the sum of the flows previously passed through a layer cannot
exceed its maximum daily infiltration, andtime case it meets a saturated layer, the front stops at
the layer above the saturated layerhe first condition restricts the passage of wateithie case
that it meets a layer of clayey and low maximum daily infiltratiarthis caset forms a suspended
water table The second condition instead simulates the slowing down of the waterfront when it
approaches a situation of saturation: the watenfit that is arriving relies on the previous one (
FigureO-4).

In cass wherethe free water reaches the last layer]etavesthe systen as deep draiage.

On the surface, the infiltration of rainwater is strongly limited Ry, bf the first layer:in the case

of rainfall excess puddles caform and possiblysub surface lateral flow (the latter in the
presence of drains), as represented by the diagramigure0-4. Oncethe amount of water that
enters the first layer of the soil defined, we proceed similarly as described in general for the
other layers of the profile.
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Day | cain Day i+1 Figure 0-4. infiltration into the
. N soil profile of moisture fronts
urface pu e
v P A,B,C,D.
e R e AN

Medium permeable layer Wetting front D 1 A, crossirg through medium
: permeable layers moves downwards
diettlng.ironta while remaining separate from the

Wetting front A other fronts;

i B crosses more permeable layers
and merges with C,whose infiltration

is slowed by the presence of a not very
permeablelayer.

Wetting front B i i infi
etting fron 1 The rain partially infiltrates

e e creating a new frontD; the water in
Wetting front C excessof the I Of the surface layer
Less permeable layer Less permeable layer creates a puddleon the ground.

In FigureO-5 the results are compared to the same event of rain (50 mm) on three soil tygies (
loamy-sand Clclayloam, Cclay), alongthe time:

- LS:the rain water seeps directly into the soil without forming puddles and without
causing surface runoff. Three days lateslreadypassedthrough the profileand a
drainage eventof almost 45 mm occurs

- CL some of the water stagnates on the surface for saveays without causing a
surfacerunoff. Inthe profile, the front is divided into several smaller fronts: the first
drainage events occurrirgfter 20 days, ending at about ten days after.

- C:some of the water stagnates on the surface for nearly tmeeksbut there is a
surface runoff of 15 mm on the day of rain.the profile, the front is divided into
many smalfronts. Thefirst drainage eventsccur after 20 days and last for several
weeks.
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Figure0-5. Time trends in the pondsurface runoff and deep drainage after a rain event of 50 mm (10 January) for
three types ofsoil (Cclay, CL loamyclay, LSoamy-sand).

The water appliedduring an irrigation event does not inféite the soil with the procedure
described above, butather bringsthe layers back to field capacity, regardless,gf, Istarting from
the surface andcontinuing until the irrigation water is all utilized. If the volume of irrigation
assigned for the eant is greater than the volume of water required to bring the entire soil profile
to field capacity, the excess is added to the daily water to drain

10
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1.1.2 The numerical model

Physically based hydrological models developdascription of the phenomena througtlassical
physics equations (which essentially led bacth®equation of mass conservati@md quantity of
motion).

A characteristic of these models is their ability to describe a single set of differential equatidns
with little or no contribution of a variety of corrective empirical phenomena that are often
physically contiguous in natur@filtration and redistribution, drainage, capillary rise, runoff and
accumulation of surface and hypodermic runofthis unifed treatment involves the use of
coupled equations of motion on the surface and soil through appropriate formulation of the
equation of continuity of massThe physicaljpased models are also interesting fability to
describe physical systems basedtbeoreticallymeasurable quantities.

The numerical model ofCRITERIAIses a restriction of ondimensional hydrological model
CRITERIA3BiIftelli et al., 201), inserted inCRITERI&nvironment by alll (dynamic link library).
The 3D model describes all phenomena related tbe soil hydrologic balangeand phenomena
such as surface runoffinfiltration, redistribution, drainage and capillary rise in a three
dimensional domainThe onedimensional restriction contained iI@RITERIA able tocalculate
only phenomena related to infiltration but not the surface runoff.

1.1.2.1 Numerical formulation
The model solves the accurate equation of continuity.

aiv (u)+ "W _ 02)
ut
Where u flux density [m/s]
W  total volumeavailable [m?]
' volume fraction occupied by watévolumetric water content [m*m?|
q water flow incoming or outgoing [m¥/s]

This general equation is solved using two different expressions to describe the flow within the
matrix of the soil and the soil surface. In the first case we obtain the equation of Richards:

dg pH

—— = =div[K(h)fgrad (H)]+q -3

dH pt

Where K(h) hydraulic conductivity [m/s]
H total hydraulic load [m]

His thesum of the share (or gravity tern) and the hydraulic ternfhydraulic matric component)
h=p/"w, where’, is the density of waterp is the soil matric potentialndt is the time For the
flow in a saturated mearthe equation (0-3) is reduced to the Laplace equation for the
underground water flow

11
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The solution of thggoverning equationss based on the integrated finite diffence method, which
is integration of the differential equation of continui{@-2) within a finite domainD, as described
by de Marsily(1986), dtaining the integral equatioflimited to the onedimensional case

_uwag)
W)

fdiv (u) dz + "

dz = pj dz ©-4)

The mass balance is calculated into the space domain D of the model. According to the properties
of the integral, equatiorf0-4) can be written as:

fu Tnds+ ﬁMdz=ﬁqdz (0-5)
ut
Gy
Where m surface of the computational domaib [m?]
N unit vector normal to it [-]
H total hydraulic load [m]

Equation(0-4) can be applied on a volume of simulation in which the material properties are
constant

If the simulation domain is approximated by a thseéienensional grid of nodes (or one
dimensional),the equation (0-5) is equivalent to the equation of mass balance for the volume
around each node

v, P
“—':éQu +q; ] (0-6)
HE o
Where 'V, water content is the volume around the nod¢hi [m°]
Qi flow between nodes-th andj-th, [m¥s]
q inflow in thei-th node [m%/s]

You can write a system of equations for all nodes, where the unknowns are the values of potential
hydraulicH. The flowQj is described byparcypa € ' ¢ Ay GKS F2N¥ 2F TFAYA

(Hi-H))
Qu - Kij Su (0-7)
L
Where § interface area between nodesth andj-th [m?]
L distance between two nodes [m]
H hydraulic potential on node [m]
Ki condudivity between the two nodes [m/s]
The conductivity ointer-node K; is calculated as a geometoc harmonicmean
K =mean( K( H);, K(H);) (0-8)
Where K(H) Hydraulic conductivity on the nodeh [m/s]

12
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The model uses the approach proposedvan Genuchter§1980),Mualem (1976)and modified
van Genucten-Mualem, as proposed bippisch et al(2006),for the characterization of soil water
retention curve(SWRanNd hydraulic conductivity curvek).

1.1.2.2 Boundary conditions

The model allows you to specify boundannditions that vary over time and space for each node.
1. noces with a fixed hydraulic hedél = caistant), Dirichlet boundary conditign

2. nock set toatmosphericboundary conditionsNeumanrboundary conditiorn

3. nock with a default flow Neumann bandary condition

4. nodes without flow in all direction®Neumann boundary condition

The boundary conditions of type 1 can be used to represent a variety of conditions such as deep
drainage to the lower limit of the domain, or loads imposed by the gmes of ponds, lakes or
other water bodies. Atmospheric boundary conditions (2) allow you to assign fixed values of
precipitation and evapotranspiratiorPrecipitation is assigned to a unit area of land equivalent to
the boundary area of a volume surfacAs for the coupling between surface runoff and
hypodermic, precipitation is applied to the surface nodes and coupling takes place through the
FLILX AOFGA2y 2F wAOKFNRAQ Sl dzi i A ayfface My2np&ailsi K S
about the coupihg are provided b¥ittelli et al, (2010.

The numerical formulation of the model produces a strongly-hoear system that is solved by
successive approximation€gEach time step corresponds to the calculation of more than
approximations, each of which solvesliaear systemthrough a resolution methodIt can be
shown that the matrix produced by the model @gfined as positive therefore, the principle
iterative methods of resolution are conveegt. In particular, the GaussSeidel algorithmwas
selected because itsomputational cost has been found optimal for the matrix produced by the
model (Tomej 2005).

It is noted that there is still the necessity to devel@m adaptive algorithm that varies the time
step according to the conditions of the systeithe main reference for monitoring the status of
the system is given by mass balance, which is assessed on the basissobalance ratigMBR).
This is calculated itime step as the ratio between the changesoil water storage(storage and
the sum of the flows flux) inflow (rainfall) and outflows (surface and underground runoff,
evapotranspiration).

Dstorage
MBR = J (0-9)
flux , - flux

The two values represent the same phenomenon, thus an algorithm should be fully conservative
and should beMBR = 1. If the inflows and outflows are very low or equate the equation might
produce overflow, so we prefer to use the expression

13
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MEBR = storage ,, o, (0-10)

storage , + flux, - flux ,

that does not cause numerical probleniscause the water content can never reach zero. The
error in mass balance is then defined as

ERRer= 1¢ MBR (0-11)

that can easilybe usead as a parameter for evaluating thguality of the solution of the system
produced by each approximation, setting a tolerance threshgldinder which the balance is
considered correct and time stegccepted

The coupling of thalll numerical model with the program CRITERIByidaily time steps. The dll
receives the stratigraphy of the soils, the boundary conditions (impermeable base or height of
water table),the initial conditions of humidity and the daily precipitation dafdedll calculates

the humidity in the profile and returns it t€CRITRIA, which allows for simulation of the
evaporation and transpiratiorcrop and radical growth. At this point the cycle begins again with
the data of the following day

1.2 Srface runoff

As described in Chapter 1, the surface runoff occurs wherséilesufaceroughness cannot hold
excesgpond water The process is simulated considering the maxinmaight of storagesurface
(the volumethat reproduces theactual height or volumeof puddles). Thestorage capacity
depends on thdillageaccording tahe following expressions

g o P oaéQ i . p p
e 0-12
VYO OG T BAT 60 czi ‘0f  OAd . OAd . 0! Etnwwol Y012
Where  SSmax maximum height of Surface water Storage [mm]
Clod actualheight of the clod calalated by the equation [mm]
(0-13
CropvaterStorage  height of the cropwater storage [mm]
f angle processingtabulaton for each type of processing [Rad
y slope of theplots []

Some crops have a certain storage capacity that is added to the soil and protects the soil itself by
surface runoff. This capacity is considered by the paranfetepWaterStorage

14
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Clod = mingDiMin0 +DiMin,(Clod Cost*( DataA Datal)

(013
where:  Clod actualheight of the clod [mm]
Cost daily rate of decline of the clqdabulated for each type of []
processing
DataA actual date of the simulation []
DatalL date of the last tillage []
DiMinOe DiMin  minimal roughness of barsoiland tillage(tabulated) [mm]

The initial value ofeight ofstorageSSmaxariesfrom 80 mmfor deep plowing to few millimeters
for rolling. To the minimum value of roughness of the tillageMi) is addeda minimumvalue of
roughness of bare soil.

If there is no tillage, the roughness of the soil decreases with tiigeira0-6 shows an example of
the height of storagesurface after a deep plowing: increasing tflepe of the groundhe initial
height ofstoragedecreasesafter 52 days the effect of plowirdjsappears andhe storageheight
backs up to the minimumoughness

40

35
35 4
30 :‘;\\‘\
25 152
E 20 202
T s
10
5
0 . . . : .
0 10 20 a0 40 50 il

giorni dalla lavorazione

Figura0-6. Height of storage surfacesffect of the surface slope

The calculation of the amount of surface water runoff is a simple comparison between the height
of the surface storage ability and the amount of water left on the surface after the process of
infiltration.

1.3 Deep drainage

The daily deep drainage can be defined as the height of water passing through the top layer of the
soil profilethat issimulated. Inthe case ofcapillary risesimulation from groundwater, this height
of water is not added to the height of the water (read as daily data incoming or attached to a

15



Technical manual CRITERIA

certain depth). Along with the deep drainageispossible that leaching of nitrogen, phosphorus
and pesticidesnay acur.

In the model codehe deep drainage is calculated at the end of the process of infiltration

1.4 Capillary rise

The phenomenon of capillary rise is simulated in CRITERIA with both infiltration models available.
In the semiempirical modela separatealgorithmis used based on simplified equatioribat are
described in the following sectiofil.4.1); In the numerical model, however, the procegs
simulated by the same equations that regulate the infiltration, already described in sdcfidh

1.4.1 Capillary rise in the serrempirical model

The contribution of water from the aquifer is calculateédily according to the type of soil present,
the average potential of the layer affectdar) the roots and the distance of this layer from the
surface of groundwater.

The approach adopted derives from that of Rijtema (presented by van Keulen and1@&6f)
The capillary rise is calculated by the distance between the free surface of the (@at@nd the
last layer affected by the roots (RD).

The general expression of the capillary rise can be written as

CR =Kk, é‘edi- 18 (0-14)
¢ dz +

Where CR capillary rise, general expressifran Keulere Wolf, 1986) [cm d*]
k, hydraulic conductivity as a function of the potentyal [cm d]
y matric potential [cm]
z Depth [cm]

Rijtema(1986)proposedtwo equationsfor the solution of this guation, one for potential values
below the limit of aypical potential for each soiy(nay) y max) of the form

ko(e-ay _ e-a(zl-RD))

CR = -a(z- RD) (0-15)
e " -1

Where CR capillary risgRijtema, 1986) [cmd™]
ko saturated hydraulic conductivity [cm d*]
a characteristigparametr of each soil [cm]
J% matric tension of the soil [cm]
z depth to groundwatei(to ground level to the free surface of the wa}er [cm]
RD  depth of the root system [cm]

Tale 0-2 showsthe values oky anda used inCRITERIA.
16
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TaHe 0-2. Values ofy .5 @ € k for different granulometric types

sol ol fom ]
Sand (S) 70 0.2240 1120
Sandy Loam (SL) 175 0.0500 50
Loamy Sand (LS) 200 0.0398 26.5
Silt Loam (SiL) 290 0.0248 12
Loam (L) 300 0.0200 6.5
Silt (Si) 300 0.0231 5
Sandy Clay Loam (SCL) 130 0.0490 145
Silty Clay Loam (SiCL) 200 0.0353 235
Clay Loam (CL) 170 0.0237 15
Sandy Clay (SC) 300 0.0248 0.98
Silty Clay (SiC) 300 0.0174 35
Clay (C) 50 0.0480 1.3

For values of higher thany mait is necessary to calculate the relationships betweenyCatd (z
- RD) through numericahtegrations of the equation:

Y

a o}

CR=k &8———-19Q (0-16)

g E?:)(Zt - RD) 9

Where CR capillary rise for potential higher thanmax (Rijtema, 1986) [cm d?]
K hydraulic conductivityor the average potentigl [cm d*]
a characteristic parameter of each soil [Cm-l]
J% matric water potentialof the soil [cm]
Z depth to groundwater (to ground level to the free surface of the wate [cm]
RD  depth of the root system [cm]

To avoid numerical integrations thare sometimes very expensivas well asto maintain
consistency with the general approach, the mentioned authors propose two entries tables for
each type of soil. These tables relate the vertical distance of capillary flow (the maximum distance
at which t is possible to have capillary flow), capillary flow itself and the matric potential that
allows the same flowln these tablestherefore, a minimum and a maximum distance given
within which there is the phenomenon of capillary rigdl combinations of triplets CR, andy
present in the tables were treated statistically lharletto and Zinon{(2001) in order to obtain the
functional relations valid for the entire voltage range and for each soil typese relationsips

were expresed by two equations, one for voltages lower than 250 cm and the other for higher
voltages. The first equation is the following:

17
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o 2~ o 3 ~ a
_ .Y L.ay 0o ay 0 ot Eo )
CR= 8000 " 8510009 4@0 g Dt g y/ o
1000
Dove: CR capillary rise for potential Iowelhan 250 cm [cm d*]
y matric tension [cm]
Dist distarnce betweernthe free surface of the water and the last lay [cm]
of soil with roots
a, b, c,d, ef parameers obtained by statistical procedure, typical for each [-]

the secondequation is

class of soil.

2

2 N ~
CR= g +h*In(y) + ge[l)c')sot g mZn 2%?;(; g L’Zn(y) g‘j (0-18)
Where CR capillary rise for potential higher than 250 cm [cm d}]
J% matric tension [cm]
Dist distance between the free surface of the water and the last [cm]
layer of soil with roots
g, h, iand| parameters obtained by statistical procedure, typical for eacl [-]

class of soil.

Talle 0-3 shows the values of the parameters of equati¢d<l7) and (0-18) for all textural classes

TaHe 0-3. List of parameters used to calculate capillary riseCRITERIA.

Suolo a b C d e f g h i I
Coarse 21.38 490.30 -6640.72 | 18340.71 |-0.0174 -0.0023 18.49 3.77 0.2448 -3.895
sand
Fine sand : 2.25 151.34 -1626.39 : 4197.03 -0.0022 -0.0007 3.79 0.64 0.0523 -0.717
Silty sand | 61.82 -175.23 -586.47 1771.60 |0.0190 -0.0060 13.88 1.71 0.0107 -1.240
Loamy 85.67 -289.71 -254.95 870.07 0.0290 -0.0085 14.72 1.68 0.0051 -1.101
sand
Silty loam | 48.52 -332.85 -374.46 438557 :0.0021 -0.0017 10.16 1.29 0.0023 -0.742
Loamy 34.93 -104.68 -149.44 551.86 0.0097 -0.0034 12.92 1.45 0.0078 -1.057
Loess 29.93 -52.00 -793.76 2507.50 0.0072 -0.0029 8.16 1.14 0.0067 -0.789
Sady clay | 70.75 -214.63 -557.81 1721.43 0.0230 -0.0070 10.53 1.36 0.0042 -0.858
Silty clay | 14.57 -32.58 -99.42 360.31 0.0020 -0.0014 5.75 0.88 0.0031 -0.537
Loamy clay: 11.14 -21.61 -79.24 287.72 0.0006 -0.0011 7.63 0.94 0.0196 -0.853
Light clay | 31.00 -90.73 -58.18 257.00 0.0083 -0.0031 8.40 1.14 0.0017 -0.622
Clayey silt { 11.51 -57.01 109.03 28.37 0.0010 -0.0011 4.14 0.70 0.0036 -0.443
Heavy clay: 5.60 -10.38 -26.86 162.17 -0.0031 -0.0006 2.97 0.53 0.0336 -0.563
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If the soil profileaffectedby the capillaryrise is composed of layers of varying textufes values
of the dominant textural class are usdgly using the equations presented it is possible to calculate
matric tension valugfor capillary rise flow.

Once the height of capillary rigeéRis calculated, the recharging mechanism of the soil layer occurs
from the computational layer above the last layer calculation (starting from the height of water
table) to field capacityrC After having calculated the water deficit, the layer is broughF@while

CRis decreased by eorrespondingamount, the valueCR.1)to be used for the following layer is
given by thesquation

CR(i+1) =min(CR(i)*0.95;CR(i) -deficit(]) (0-19)
Where CR.1)  capillary rise available to the layetl [mm]
CR) capillary rise available to the layer [mm]

deficity Water deficitin the layeri, calcuated as the difference between the [mm]
initial watercontent contained at field capacity

The water contentg, of a layer included in the soil thickness between the height of the
groundwater and the last layer &Cis assigned by the followingjeation:

9(2)= gc H & -¢Q* diy (0-20)
Where  drej =(z -z.)/(z -z.) relative distance of the layer under [cm/cm]
consideration from the last layer &C
o Water content of the layer under consideration [mm]
Z Depth of the layer undeconsideration [cm]
Gkc Water content at field capacity [mm]
Zrc Depth of the layer at field capacity [cm]
Gs Water content at saturation [mm]
Zs Depth of groundwater level [cm]

The resulting trend of theoil water contentprofile is shown ithe figure below.
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Figure0-7. Trend of the relative humidity of the soil valuegy{ gs) in the presence of water. The capillary rise takes
effect from the deepest layer to field capacity: profile of saiffected by the rise is brought t&-C

1.5 Potential evapotranspiration

The term evapotranspiration refers to the total water that is moved from the soil to the
atmosphere by evaporation from bodies of water and soil and by transpiration from plants.

Equal to other conditions, with increasing water availability in the sdihe value of
‘evapotranspiration increases until a limit value that cannot be exceeded for more availability of
water. The limit is called thenaximum evapotranspiratio(ETnm) and is defied as the amount of
water evapotranspiratd per unit time from a uniform and compact crop that has full water
availability.

Thereference eapotranspiration(ETQ however is the amount of water epotranspirated from a
reference crop(Festuca arundinace&chreb, multispecies gragsmaintained between 8 and 15
cm height, completely covering the ground with plenty water availability

ETOdepends on the following factors
- solar radiationfabout 80%9;
- wind (16%)
- relative humidity(4%)

The real ewapotranspiration (ET) is the amount of water actually lost from the soiop-
atmosphere system and depends on:

- the size of the plan(LAl);
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- the phenological stage of the cromlifferent ewapotranspiration needs for the
different phases)

- the nutritional and phytosanitary conditions of the crpp

- soil water conditions (for example, in situations of dry soil, the plant draws water
from the soil with greater difficulty and perspiration decreases)

The formulas useth CRITERIAr the calculation oEtraredetailed in paragraph%.6.2and1.6.3

Lysimeters are normally used to perform field measurements of evapotranspiration in the field:
they are high volume containers filled with natural soil and vegetation in the surface, located in
open country, and equipped with drainage system that allomaintainingthe desired humidity
conditions in the soil and measure the volume drained at the bottom of the container

Due to the complexity of this systenmore simply methods or mathematical formulas are
normallyusedfor estimating evapotranspiratianThe estimation methods proposed in literature
are many characterized by different input variables amédde fordifferent time scalegstimates.

In Tabe 0-4 1 most frequently methods and equations used are shown

TaHde 0-4. Daia entry of some methods to estimate potentiavapotranspiration.

Method

T[]

RH[ ]

Wind int.[]

Solar rad[]

Boan[mm d]

Meteo[]

BlaneyCriddle

*

+

+

+

Radiation

*

+

+

+

Evaporimeter

+

+

*

Thornthwaite

*

Hargreaves

*

+

PriestleyTaylor

*

*

*

PenmanMontheith *

*

*

*

* measured +estimated, E,, =amount of water evaporated fromevaporimeter[mm d 1];

Inthe CRITERI#AOdel there are two formulas for calculatingagotranspiration

- Hargreaves anddamani(1985),chosen for its wide diffusion and for the small number of
parameters requireq

- PenmanMonteith, as submitted in the latet FAO review made Allen et al. (1994)s the
equation at the global level and requires more data.

1.5.1 Hargreaves andsamani

Hargreavesand Samaniequation (1985)is calibrated to obtain estimates of cumulative weekly
evapotranspirationHowever, it is dormula widely used for the daily estimateand recentfield
studiesin the Mediterranean (Ventura et all998) show that it fits very well with a lower time
scale.
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The Hargreavesmethod uses data from daily maximum and minimum temperature with the
fundion:

ETO s = 0-00232(?‘;5‘): %Tmax ZTm'n +17.8 g Tnax 'Tmin)% (0-21)

Where ETQes ETO oHargreavesind Samani [mm d?]
Rago potential radiation in the absence of atmosphere [MJ m® d™]
Tmaxand Tyin  daily maximunmand minimum temperature of the air [°C]

The magnitude definedRad; is the potential radiation that would reach Earth's surface in the
absence of the atmosphere. The variables to be included in the calculation are the latitude and the
day of the year:

Rad,,, = 24;60 Ry Dg(Oyssin(F) sifd,) +co§F) cosd,) si{nO,J) 0-22)
Where Rago potential radiationfor the estimation of theETRwith [MJ m? dl
Hargreaves an&amani (1985)
Rec 0.082 [MJ m?d?]
R Latitude [rad]
G day of the year [d]
other variables depend on the following expressions
dy = 0.409 sin(0.0712 g - 1.39) (0-29)
D = 1+ 0.033 cos(0.0712 g) (0-29)
Ouvs= Arctan gaeL°+ 1.5708 (0-25)
- i) e
Ny = - tan(F, )tan(D,) (0-26)

1.5.2 PenmanMonteith

The PenmanMonteith equation is the modified version of the original equation proposed by
Penman (1948). There have been several modified versions over the years and in the FAO head
office has been accepted and defined as a reference equation for estimating evapotranspiration.
In CRIERIAthe most recenthupdated available versiois used presented in the work of Allen et

al. (1994):

900

0.408D(R. -G —
(R, -6) gTave+273U(es e) ©027)
ETOpem =
D +g(1 ©.34)
Where ETQ@gv ETO ofPenman [mm],
R, net radiation [MJ m? d™]
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G net heat flow from the ground [MJ m? d™]
D slope of the function of saturated vapor [kPa °C]
o} psichometric constant [kPa °C]

u daily average wind speed at 2 meters height [m s]

€s average pressuref vapor in air saturatiotfeq. (0-28)) [kPa]

€a average pressure of vapor [kPa]

The saturated vapor pressure is calculated by the equation

17.27T peq

e, = 0.6108 (' **"*

Where e average pressure of vapor in air saturation at the average air temperat [kPa]
Tae average air temperature [°C]

(0-28)

1.6 Evaporationand transpiration

1.6.1 The maximum evapotranspiration

To calculate the maximum evapotranspiration from the potentia¢ and the subsequent division

into maximumevaporation and transpiratigrthe approachof Driessen (1986) and Driessen and
Konijn (1992)is used, with some modificationsWith no crop or before the emergeecthe
maximum evaporation (ETM) is set equal to potential evapotranspiration (ETO), while transpiration
is zero.

After crop emergence, maximum evaporation and maximum transpiration arermhted as
follows:

E, =(1- K,)CET, (0-29)
T, =K, OCE&T, (0-30)
Where By maximum evaporation [mm]
Tw maximum transpiration
Ke crop coefficient (equéon (0-31)) []
TC turbulence oefficient(equéion (0-32))
K,=1- e "™ (0-31)
Where K. crop ceefficient []
Ke extinction factor (equal t®.5) []
LAI leafarea index []

Kcref refers to a hypothetical crop, short and compact enough not to be affected by the air
turbulence in the process of transpiration. The effect of turbulence on a real crop which is
expressed using the actu&Ccoefficientis calculated using the follang formula:
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TC =1+ (K, - )&, (032

Where TC turbulence coefficient [-]

Kem Highest level o C,depending on the crop and basicadigrresponding to  [-]
the maximum value dk. as proposed bypoorenbos andassam (1979)

Ke crop coefficient []

Figure0-8 shows the trends of Aland coefficientd:and TC

8

7 \

6 -

_— A

5 7 Ke
C 4 —TC
5) ——EM
= 3 —TM

2 -

1

0 I T T

Apr May May Jun Jul Aug Sep Oct

Figure0-8. Trend ofLAl K. and TCfor the corncrop (K.m= 3, k= 0.5)

The graph inFigue 0-9 illustrates the trend of maximum evaporation and transpiration with
increasing ot Al.

Tm-Em (% ETO)
1.2

o.:s / _
0.6 By g
0.2 Va1

% ETO
o
=

LAl
| ——Tm{%ET0) —Em (% ET0) |

Figue 0-9. Trend for values of maximum Transpiratioand maximum Evaporation, as a percentage of ETO,
according toLAl,with kgy = 1.1
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1.6.2 Actual transpiration

The water removed by plant transpiration from theoil profile is calculated as the sum of the
actual transpiration of all rooted layers, using theidical densities as weights.

The calculation of actual transpiration of théhilayer of T, ; depends on its moisture contenty;
nothing is taken in case of saturated seovhile in conditions of high humidity (over a threshold
currently placed for kicrops in the middle of the interval between field capacity and saturation),
but lower than the saturation, the total maximutnanspiration Ty, reduces linearly, according to
the following expressions

Te,i = 0 for qi = qsat (0-33)
qsa - qi 1
Te,i = TM * Der-]SRa'di * N : per qi 2 qsat - _(qsat - qcc) (0'34)
el ( o 2
éE sar = Gec )l:|
e u
Where Tg; actual transpiration of layer (Driessen e Konijn, 1992) [mm/d]
Tm Maximum transpiration [mm/d]

gsat€ gec - Water content of root zone at saturation and at field capacity  [mm]
g actual water content of layeir [mm]
DensRad radical density of the layer [m®m™]

If the water contentis lower, the maximum valuesf transpiration and water uptake of rootse
compared according to the Driessen and Konijn (1982atment, soonreported below.

The amount of water that the roots of a plant can extract from the soil is determined by the
differencein potential between the ground and root tissue:

MUR = (psli,, - PSI)
R.. (0-35)
Where MUR maximum uptake rate [cm/d]
PShot  water potential of root tissue [cm]
PSI water potential derived from the conditions of soil moisture through [cm]
the water retention curve
Root root resistance [d]

The wateris absorbed by the plant flows to the leaves, where it is transpired. The flow is
originated from the potential differencebetween the points of transpiration (leaves) and
absorption (roots) according to the formula:

T (PSl leaf ~ PSI root )

€= 0-36
Rplant ( )

Where Te actual transpiration rate [cm/d]
PSkss  water potential in leaf tissue [cm]
PSkot  water potential in root tissue [cm]
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Rolant resistance of plant tissues to the flow of water [d]

Since the water accumulated in the tissues of the plant is a small fraction of water absorbed, you
can matchthe rate of absorption to that of transpiration, by combining equatidAs35) and
(0-36) we obtain

- Psl)
RI’OOI ) (0-37)

(Psi
(r

Leaf

MUR =

plant

PSlear cOrresponds to the wilting point of a cropsince ifPSk= PSleas we haveMUR= 0; laTale
0-5 shows the values of crops Criteria.

Root € Roant represent the specific resistance to the flgem/d] along the whole flondistance
[cm], and are calculated using equatio(@39) and (0-40) later described in this section

TaHe 0-5. values ofPSlleatby crop

Qop (herbaceous and horticulturg PSlleaf (cm) Qop (grassland antree) PSlleaf (cm)
Corn 17000 Alfalfa 13000
Spring sugar beet 12000 Undesowinggrass 14000
Soybean 15000 Gramineagyrass 11000
Wheat 14000 Fallow 20000
Barley 14000 Fallowsparse 20000
Tranplanted tomato 12000 Grapevine 18000
Sordhum 20000 Peachtree 10000
Sunflower 14000 Pertree 15000
Potato 7000 Kiwifruit 8000
Onion 9000

Thus, under conditions of limited humidity, the actual transpiration of layer ofTggilcoincides
with the maximum valudy, until the maximum uptake rattMURis greater than or equal tdy,
otherwise it is limited by the value MUR/e then have:

: 1
T, =Ty * RootDens if MUR 2 T, (for g, ¢q,, - E(qsat - qcc)) (0-39)
T, = MUR* RootDens  ifMUR <T,
Where Tg; actual transpiration of layer [mm/d]
RootDens radical density of the layer [m®m™]

Roant depends on physiological plant resistance to drought, and is calculated accorditfiide
using the equation (derived empirically):
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R =680 +0.53* PSI (0-39)

plant Leaf

Root is estimated using the "average" hydraulic conductivity and the rooted in the soil profile
according to the equation:

~ 10
oo (Prad)* Kave (0-40)
Where Kye average hydrauliconductivity in the rooted profile [cm dY]
J Potential [cm]
Prad rooting depht [cm]
Thecalalation of Kaveis done with the following expressiohs
K()=K,e @) J S/
_ .y o (0-41)
K(/ ) = ak/ . / >/ max
Where K() hydraulic condctivity [cm d']
Ji Potential [cm]
J max threshold potentials tabulated by type of soil [cm]
Ko saturated hydraulic conductivity [cm d']
a exponentdepending on the type of soll [emY]
Ak Qoefficientdepending on the type of soil [ cm®*dY
a \or . 0
K edo = €XpaE g log k(/ ;))/ NSRO (0-42)
G =
Where K( ) hydraulic conductivity of layer [cm d']
Dove: NSR Total number ofayers with roots []
The actual transpiration of all the rooted prefis then calculated as follows
Te = a T (0-43)

The hydraulic conductivity is highly dependent on soil texture and the potgFiglie 0-10); For
values ofsoil water contentbetween saturation afield capacitysandy soils are more permeable,
while with increasing potential clay soils have higher valkek Figue 0-11 and Figue 0-12
values ofRoot and MURare shown depending on water potential forrae types of soilThen in
Figue 0-13 and Figue 0-14 are represented the curves of the coefficieURIn a loamy soil all
crops present in Criteria.

! H. van Keulen, J.Wolf, 1986. Modelling of agricultural production: weather, soils and crops. Pp 84
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Figure 0-10. hydraulic conductivity(K, cmd™) for soils with uniform texture
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Figure 0-11. Vales of the variableRroot as a function of the potential in uniform soils cultivated with wheat
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Figue 0-12. Levels ofMUR (maximum uptake rateln for a uniform soil profile oft m,under wheat crop.
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field crops and horticoltural crops {laomy soil)
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Figue 0-13. Levels ofMUR (maximum uptake ratefor herbaceous and horticulturakcrops present in Criteria,
calaulated in a uniform loamy soil profile ot m.
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Figue 0-14. Levels ofMUR (maximum uptake ratejor grassland andree crops present in Criteria, calculated in a
uniform loamy soil profile ofl m.
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1.6.3 The actual evaporation

- In the presence of a puddle high enough to meet the demand for maximum
evaporation(ky), the actual evaporatiofE) is equal to the maximum

- In the presence of a puddle not high enough to meet the demand for maximum
evaporation (By), the remaining evaporatiorrate (By-puddle heigh} will be
determined by the water content of the topO cmof the soil(E:=¢ By);

- in the absence of a puddle, the actual evaporation will be determined by the water
content of the top 20 cm of the sqiE:¢ By).

Evaporation takes place in a layer only if the humidity is above a certain threshold value,
calculated using the following exmsion.

ThrEvap,,. = WG, - CoeffEvapRed WE - W) (049

Where SogliaEvapStrato threshold for evaporation for layer [mm]
WG water contentat field capacity of the layer [mm]
WGyp water content at permamenivilting point [mm]
CoeffEvaped evaporation reduction coefficient, calculated according to  [-]

equation(0-45)

Figue 0-15 shows for any type of sojlthe minimum amount of water that must be present in the
soil to be able to evaporate

0 —5i

5K > —siL

10 - SicL
/ 5 5
A / . sit
L 20 —sC
- 25

Depth [cn

Soil W ater Content [mm]

Figue 0-15. Threshold of evaporation in the firsB0 cmof the profile for all textual classes( S=sandy, SL=Sandy
Loam, LS=Loamy Sand, SiL= Silty Loam, L=Loam, Si=Silty, SCL=Sandy Clay Loam, SiCL=Silt¢ Ckgldyoaogam,
SC= Sandy Clay, SiC= Silty Clay, C=Clay).
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The maximum threshold of evaporation decreases with depth exponentially decreasing according
to the following euation:

CoefvaapRe d= éz @epth/max depth (0-45

Where CoeffEvapRed evaporation reduction coefficient [mm]
Prof depth in the middle of the layer [m]
Profmax maximum depth of the layer [m]

Figue 0-16 shows the decrease of evaporation with depth

10
15 \

20 \

25 \

30 . . ; \

0.9 0.7 0.5 0.3 0.1

Depth [cmr

Evaporation reduction coefficient [-]

Figure 0-16. Reduction of evaporation in the firsB0 cmof the profile for all textualclasses

1.7 Water balance

Once calculatedall the components CRITERIA calculate the total water content of the soil profile
as the sum omoisture inall the layersThis value is then compared with the water content of the
previous day, to whichthe contributions and losses of water occurred durpiggsentday are
added The difference between the two terms shows the error in tadculation of water balance
made byCRITERI&ontrol of the balance is therefore

Balance= WCProfilggay (( WCProfilggay-1 ¢ Prec + Dren +uRoff + (0-46)
SubLatFlow Er + Tclrri cCapRise

Where Balance Errorin the calculation of water balance [mm]
WCProfilggay Total water content of the profile ipresentday [mm]
WCProfil@gay1 Total water content in the profile of the previous day [mm]
Prec. Daily rainfall [mm]
Dren. Daily deep drainage [mm]
Runoff Daily surface runoff [mm]
SubLatFlow Dailyhipodermic runoff [mm]
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Er Actual daily evaporation [mm]
Tr Actual daily transpiration [mm]
Irri. Daily irrigation [mm]
CapRise Daily capillaryise [mm]

If the error is too high compared to the maximum tolerated value the model indicates this
problem in the log file. This can occur with the numerical model in case of intense rains.

2 Thepedoatransfer functionsand water retention curves

As illustrated in the chapter on water balance, the study of infiltration requires characterizing each
soil horizon through its water retention curve (soil water characteristiccurve),which defines

the potentialwater content relationship and thus thesoil's ability toretain or release water
Currently in CRITERIA model thater retentioncurve of Campbelhvan Genuchterand modified

van Genuchten (Ippisch et al., 20@8% used Formulas and pedmnsfer functiondinked to them

in the model are illatrated in the following chapters.

In Tabe 2-1 a number of points of particular importance in the retention cueve defined and
someimportant definitions concerning the hydrological characteristics of thesssilisted

Tade 2-1

Property rmme Desciption

WATER CONTENT it isthe amount of water present in the soil. Can be expressed as the ratio bet
the volume of water contained in the sample and the volume of soil sampl%c{m’n
3], or as the ratio between the weight of the water contained in the sample anc
dry weight of the same sample [gl]g

WATER POTENTIAL it isthe strength with which water is retained in the soil. For each type of soil the
a unique relationshigetween soil water content and its potential, expressed by
retention curve. It has theoretical potential zero on a free surface of distilled watt
practice assumes potential equal zero that of a ground completely saturated

water.

RETENTION RVE describes the patterns of water potential in relation to the percentage of water.
commonly used to determine the water content at field capacity and wilting point

SATURRAON SAT indicates the maximum amount of water that the soil can h@ito called maximur
water capacity.

FIELD CAPACIFC expresses the content of moisture in the soil at the upper limit of drainage, in ¢

words,FCindicates the water content that the soil can retain, after that value wate
considered free and ivill seep into the lower horizons of soRRoughly correspond
to a matric potential of-30 kPa {0.3 bar) in most soils and td0 kPa 0.1 bar) in
sandy soils, corresponding to a pF value of 1.

WILTING POIN®/P a land is at the wilting point when most of the plants are no longer able to extrac
water. Usually for herbaceous crops a land is called at the wilting with a n
potential of-1500 kPa-15 bar). or pF of 4.2. Roughly corresponds to the lowet |
of water available. In CRITERVRwas set to the value of 1600 kPa

PLANTAVAILABLE WATER ' Corresponds to the difference between field capacity and permanent wilting pdir
PAW = FC-WB.
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SAT,FC WP and PAW can be expressed in weight (water grams/soil gre[m:g‘l], kilograms of
water per cubic meter of sofkg ni’]) or in volume (water volume/soil volumem® cmi®], or
water millimeters /meter of soijmm ni']).

In Figue 2-1 are represented the different levels of water content of the soil with their types and
limits of water availability to the crop.

PA cC SAT
A0+ - 15 0 > 0 bar
acqua Acqua Acqua
igroscopica capillare gravitazionale
micropor macropor
non assimilabile assimilabile superflua

Figue 2-1. Characteristic levels of thevater retention curve with their types and levels of water availability for
crop

It should be noted that the concepts of field capacity, permanent wilting point and water available
are not verystrict with regard to the complex dynamics of the g@dnt-atmospheresystem;
however, these concepts provide a useful reference for a schematic and simplified processes
description

The relative availability of water depends basically on the texturthefsoil. The sandy soils are
rich in macropores and thus much of the water content is gravitational water, superfluous from
the point of view of crop as subject to rapid percolation to the deeper horizons. At the other
extreme clay soils are rich in migares and thus much of the water content is made up of water
held back by ties to ground voltages-tib bar and therunassimildle by plants.

Here below are some conversion factors between units of measure usually used to irnttlieate
tension

1hPa
100 kPa

lcm
0.987 atm

1 mbar
1 bar

2.1 Thewater retention curve and theCampbellpedo-transfer function

Campbell (1974proposes a formula to describe the relation moistdemsion split into two
equations:

o -b
ag O . 2
Y= Y.m— 6 or the inverse - gaey— 5 for. <., -
¢9s =+ Y% : (2-1)
¢va =
while: g= ¢ fory 2 y,
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Where gandgs water content(- ) andwater contentat saturation [m*m?|
matric potential [kPE
- a air entry potential [kPg
b empirical coefficient [-]

We use the following formula if in the soil database there is an experimental value of the water
content at saturation, otherwiseg,;, iscalculated as a function of bulk density and organic matter
content using the following formula (Driessen, Konijn 1992):

.21 =2 ifoM=0
2.6

(2-2)
G =1 — 5D if OM> 0
a 1 ! (2-3)
£0.38+ 0.570M /109
Where guy Water content at saturation [m*m¥|
BD bulk density tabulatd in the database of soils [t m?¥
oM Organic mattercontent [m®m?

If the database does not have an experimental valuBfor the land in question, it refers to the
typical value for the textural class contained in the CRITERIA setting

Careful consideration must be givdn the estimation of water contentat saturaton: The
experimental data that is used in MVA must be sufficiently reliable, otherwise you cag.get
valuesthat do not correspond to realityfo overcome this problem, the resultingsy from
equations(2-2) and (2-3) (2 3) is compared with the reference value of the textural class of soil
horizon under consideration (contained in the CRITERIA settifigf)e varianceis too high
(greater than 33%&n average of the two values is used.

As is clear from equatioi2-1), in the Campbell soiwater retention curvefrom value- , to
saturation value is considered constant and equal to the saturation water content Fsgliie 2-2
shows an example of theurve trendwith low valuesof matric potential. It is thus emphasized the
discontinuity due to the hypothesis that moisture does not vary fribka potential value 0 &athe
value ofentry of water into the soil.
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contenuto idrico [m 3 mJ

0.1 0.2 0.3 0.4 0.5 0.6

| 1 | 1 J

oY) (] =
O O O
1 I i

potenziale matriciale [kPa)

e
L]
I

50~

Figue 2-2. Example Campbk soil water retention curvenear saturation.

2.1.1 Pedotransfer functions for parameter estimation

To estimate parameters , € b of the water retention curve, Shiozawa an@ampbell (1985)
present interdependence relations between granulometric physical parameters and geometric
mean diameter (dg) and its standard deviati@g)

Parameters estimates are given:by

-5

Y.=—— and b= o, 0.2s9g (2-4)
Jdg Jdg
Where - 5 value of incoming air tensiofparameer of the functional curve of (kP4
Campbell)
b empirical coefficient (parameter of the functional curve of Campbell [-]
dg geometric mean diameter [um]
Blg standard deviation ofig [um]

dg andzag, both expressed iAm, can be estimatedShiozawaet al., 1991)by:

(5.756- 3.454n, - 7.71m,)

dg=¢€
(2-5)
sg=e 33.14 27-84n, 29.3m, ( -Irdg)”
Where dg geometric mean diameter [um]
Blg standard deviation oflg [um]
m; andmy Fraction of nass of 8t and clay fractions of soil under [%]

consideration

The data required for using of the pewmansfer functionand the water retention curve of
Campbell are only thredaulk density to estimate the water content at saturation, and content of
silt and clay of the horizon for the estimation of parameters a and b. For this reason, these
functions are widely used in mapping applications where the gigagc availability of soil data is
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often limited. It should be noted however, that theedotransfer functionignores the content of
organic matteranimportant factor that influences the hydrological characteristics of the soil.

If for the horizon of sdiare availabléest data ofpotential - moisture, the parameters of thevater
retention curveare calibrated in terms of these data through a fitting procedure.

2.2 Thewater retention curve ofvan Genuchten

The other water retention curve used in CritersaeXpressed by thequation proposed by van
Genuchten (1980)idely used irsoil physics modellingrhe equation has the following form:

e
Q'Q:é 1

ds- & gl+(a|y|)n

(2-6)

oo o3

Where g, gre gs water containat water potentialh, residudand at saturation [m°m™]
a,men empiricalparameers with 2>0,n>1, 0m<1 andm=1-1/n; [-]

matric potental with| - |20 [cm]

The left side of the equation can be summarized in the tggto make it easier for clarification of
the term of the matric potential. The equation can therefore be also presented in the following
form:

8 b1 §
e '19 éq_ @ % (27
1% A where g = ge—= &
a c9s- & =

The parameters to be estimated in equatior(®-6) and (2-2) are 4: a, m, n and g5 and gk
(parameterm candepend onn if the restrictionm=1-1/nis applied). If for the horizon of soil test
data of potentialwater contentare available, the parameters of theater retention curve are
calibrated in terms of these data through a procedure of fitti@gherwise, their values are read in
the general settings of CRITERIA (listedabella2-2), wherethey are tabulated according to
textural class

In Criteria, also the van Genuchten curve modified by Ippish (2006) has been devetopieel
numeric solution of water fluxesithe soil only the modified van Genuchten can be applied
because it solves numeric problems due to the conducibility curve.

Tabella2-2: parametri caratteristici delle classi tessiturali USDA

texture Alfa | N he |Thetar|Thetas] Ksat
sand 0.3¢| 1.7/ 0.07| 0.01f 0.3¢ 192
loamy sand 0.35) 1.5/ 0.1 0.02f 0.3¢ 96
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texture Alfa | N | he |ThetarjThetas Ksat
sandy loam 0.2€| 1.4| 0.15 0.0z 04 48
silt loam 0.13 1.2| 0.2€¢| 0.03 0.44 9.6
loam 0.17) 1.21] 0.25] 0.03 0.42 12
silt 0.1] 1.24| 0.27 0.03 0.44 2.4
sandyclay loan| 0.2z| 1.22| 0.2 0.03 0.41 12
silty clay loam | 0.13 1.2| 0.31] 0.03 0.4€ 24
clay loam 0.1€| 1.1€ 0.27| 0.04 0.4t 4.8
sandy clay 0.21] 1.1€ 0.25 0.04 0.44 3.6
silty clay 0.17) 1.1€| 0.35| 0.0t 0.48 1.2
clay | 0.1€¢/ 1.1¢) 0.35] 0.05 0.4g 08

In addition tothe Van Genuchteparametersin Tabella2-2 are also present
1 Ksat [cm/d]:saturated hydraulic conductivity
1 he[kP4d: air entry point for the modified/an Genuchtercurve (see Ippisch et al. 2006)

The values of tis table were produced from the data presented in a serie of papéthe subject
(Wosten, Lilly, Nemes, Le Bas, 1998; Simota, Mayr, 1996; Carsel, Parrish, 1988; Schaap, Leji, van
Geuchten 2001).

3 The crop growth and developmentsimulation

The development of the crop BRITERI&an be simulated using two models
- astandard model, based on tldegree day sum
- the growth modeWOFOST.

For the standard model have been implemented five classes of temtaceous horticultural,
tree (with grassor not), grass antallow. Talde 3-1 lists all the crops present in the database.

Talde 3-1. Crops in the standard model implemented GHRITERIA

dass Qop

Herbaceous crop corn, springsugar beet sosbean wheat, barley, sunflower, tomato
Fruit treecrops grapevine peachtree, peartree, kiwifruit

Horticultural crops potato, onion

Grass andallow crops alfalfa, meadow grasdallow, sparsefallow

The growth modeWOFOSTuwerently allowssimulatingcornand wheat crops
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3.1 The standard model IICRITERIA

In the standard model, the crops are treated as fictitious elements that interact in the water
balance of the system. There shall be no estimates of biogyasgth. The variables of interest are
therefore the development of the leafystem(expressed by pameter LAlILeaf Area Indexfor

the epigealpart and development, understood as the growth rate and spatial distributibthe

root system.The sum of degree days is the factor that determines the development of the crop.
The reduction in development naed by water stress or lack of nutrients is not considered in the
standard model.

3.1.1 The degree dagum

The standard function for calculating the sum of degree days is the following:

(Tmin + max) (3'1)
SumDegreeDaysf - Thresho
Where SumDegreeDays sum degree days [°Cd]
Tminand Trax daily maximum and minimum temperature [°g
Threshold minimum temperature depending on the crop that must [°Q

be overcomeo start the development of roots and leave

Fortree, grassland and uncultivated crops, the calculation of the sum degree days begins January
1 and is reset December 31 of each ydar herbaceous and horticultural crophowever,the
calculation starts from sowing date of the crop.

As long as the functioresult is negative (the threshold was not reached), the calculation of LAI
and roots will not start. Then a further check on the value of the daily maximum temperature
(Tmay IS madeo avoidunrealisticgrowth curvein the very hot days. In this case,.fis replaced

by a threshold value depending on the crop.

3.1.2 The development of the epigealart

In the standard crop model of CRITERIA development of LAI is approximated assuming 4
phenological stages (5 for herbaceous crops), each with its own groteth ra

1 emergency phasgresent only in the herbaceous crops
1 phasel: exponential growth of Al

1 phase 2: linear growth dfAl

1 phase 3: decreasing growth rateloAl
1 phase 4: decrease dfAl

The length of each phase varies from crop to crop. At the end of ph#serd is the harvest for
herbaceous, horticultural anttee crops.
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In the model code, the calculation function of LAl is divided into two steps: the growth phase up to
the maximum LA(which includes the first three stages), and ttexreasing phasentil harvest or
at the end of the leaves fall.

The development of the LAI in the early growth stages is calculated as follows:

LAI - LAI

LAl = s Al @2

Where LAl Leaf Area Indeduring the exponential growth phase []
LAMAx maximum value oLAlfor the crop []
LAMin minimum value of LAI for the crop []
aa€ bpa coefficients of the linear regressidogLAIGSumDegreeDays  [-]
SumDegreeDay sum degree days, calculated with equati@nl). [°C d]

For grass cropa cutting procedureis included for every timethere isa default value of the
degree day sunfcorresponding to the maximum value of LAI), the vari&denmaGGs reset and
LAlis broughtto the minimum value.

Fortree with grass covered grounthe LAI of the herbaceous coverAl,.sd is addedto the LAl
calculated by crop.

The decreasing phasé LAl is handled differently, depending on the type of crop:
1 herbaceousand horticultural crops
Forherbaceous and horticultural crops, during the decreasing phase LAl is calculated as follows:

LAl = LAl ax - LAL Al (3-3)
1+§1810*(SumDegreeDays SumphaseR g o

c Sumphasé* @ , -

Where LAl Leaf Area Index []
LAMax maximum value of LAl for the crop []
LAMIN minimum value of LAl for the crop [-]
Sumphase3 sum degree days of the first three phenological phases [°C g
Sumplase4 sum degree days between phase 3 and phase 4
N4 ae C4a specificcoefficient for the crop []
SumDegreeDays sum degree days calculated with equati@l) [°Cd

When the sum degree days excedthe phase 4, which corresponds to the harvest for these
crops, the LAI of herbaceous and horticulturalps is set equal taAlyn.

9 treecrops:

For tree crops, once the fourthphaseis exceeded LAdlecreases exponentiallyreaching its
minimum value obn November 15.

f grasscrops:
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For grass crops phenological stages not considereagnd LAI follows ayrowing trend repeated
after each mowing. Starting from November 1 of each year begins to decrease linearly to reach
the minimum value of LAI at the last day of the year.

M1 fallow:

For fallow, phenological stageare not considered andLAl, once reached itsiaximum value
remains stable until November 1 of each year when it begins, like thelgnassdtree crops, the
exponentiallydecrease until reaching the minimuwalueof LAlat the last day of the year.

3.1.3 The development of the hypogeal part

The root deelopment is simulated for annual crogge(baceous and horticulturphs a function of
growth in CRITERIA (logarithmic, linear, asymptotic, and exponential), up to a maximum depth
value typical of the crop. Radical density is calculatddily in each laye of the soil affected by
roots, according to a radical densiyofile present iInCRITERIA (cylindrical, ellipsoid, ovoid, and
cardioid)

For the uncultivatediree and grassland cropshe rooting depth is always equal to the maximum
rooting depth. Once efined the shape of the root system the radical density in each layer of the
soil remains always the same. An exception is dHlelfain the first year, which is managed as
herbaceous crop to simulate the development of the rooting depth

3.1.3.1 CGomputing of the parameters of the function of growth

First, the creep factor is calculated by the root system, depending on the function of growth
typical of the crop, with a logistic growth, parameter is calculated as:

log MAX log MIN

FatDef = (3-4)
PRad,,, - PRad,,
Where log ., = PRad .« log ,, = PRad ,x (3-5), (3-6)
1+exp(-b- k*ciclo) 1+exp(-hb)
i, - fin, _ _ 37,38
k = £ 2 b =-(fin,, +k*ciclo)
G., - rootCycle
ini o, = log( 1/(ini - 1)) fin,, = log( 1/( fin - 1)) (39), 3-10)
Where FatDef creep factor of the root system [-]
Ini fractional depth at the end of the slow growghase [m]
fin fractional depth at the end of the growing cycle [m]
PRaghax maximum rooting depth [m]
Prady initial rooting depth [m]
rootCycle  Length of gowth cycle of roots [d]
Gr1 Length of the first phase of the slow growth [d]

In the case of asymptotic or exponential growth the creep factor is calculated as:
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FatDef = - 20w - PRad,, asymptotic growth 11
1- exp(ciclo /G,)
PRad,, - PRad, . (3-12)
fatDef = exponential growth
exp(-1/k,*ciclo)- 1
: -1
Ko =ciclo G (313
Where FatDef creep factor of the root system [-]
PRaghax maximum rooting depth [m]
Prad initial rooting depth [m]
dclo Length ofgrowth cycle of roots [d]
Gr1 Length of the first phase of the slow growth [d]
Grs number of days to reach5%of the maximum rooting depth [d]
Ko Length of the second growth phase [d]

In cag of linear growth the creep factor is not used.

3.1.3.2 Computing of rooting depth

In annual crops the depth reached by the roots day by day is evaluated based on the sum degree
days. Depending on the function of growth of the crop, rooting depth is calculated as:

1 o (3-14)
PRad = PRad ,, + logistic growth
FatDef * % PRAd e log
§L+exp(-b—k*sGG)§ min
(3-19
PR - PR ,
PRad = PRad ,, + A e 2w, sGG linear growth
ciclo
_ (3-16)
PRad = PRad,, + FatDef * (L- exp(- SGG/G,,)) asymptotic growth
PRad = PRad,, + FatDef * (exp(1/k,* sGG) - 1) exponential growth (3-17)
Where Prad rooting depth at the relevant date
PRaghax maximum rooting depth [m]
Pradn initial rooting depth [m]
FatDef creep factor of the root system [-]
b Growth factor, calculated with the equatiof8-7), (3-8) [-]
k Growth factor, calculated with the equatiof8-7), (3-8) [-]
LOGnin Growth factor, calculated with the equatiof3-5), (3-6) [-]
sGG sum degree days at the relevant date [°’Cd
ciclo Length of growth cycle of roots [d]
Ko Length of the second growth phase [d]
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Grs number of days to reach 75% of the maximuwoting depth [d]

As already mentioned, for the uncultivatetee and grassland crops rooting depth is always equal
to the maximum rooting depth.

3.1.3.3 Root density

In CRITERI®Ot density is calculated using a basic geometric shape (cylindrical or sphencal),
which a deformation is appliethat reproduces the actual configuration of the crop root system.

In the model calculations the density is expressed as a fractioreafoibt mass density so that the
sum of the densities of all layers is equal to o@mnsidering the projection of solid three
dimensional plane by the system, the model initially assumes that the roots are distributed
uniformly in a rectangle (for the culilrical shape), or in a circle (for spherical shape) whose center
is half of the rooting depth an@hoseradius has the same valug&he identified area is divided
into parts of equal thickness parallel to the surface and equal to the number of layerdetisiy

is then obtained by the ratio between the surface of the part and the total one. Depending on the
crop, to the resulting initial density is applied a deformation present in the model: ellipsoid, ovoid,
and cardioid.

The elliptical deformation ofhe basic spherical structuretakes place by applyingqcreasing
linearly deformation coefficients from the first layer € 1) to the centrali(= n) which has the
maximum deformation provided by the user. So thedifieddensity of tei-th layer is given by:

a def-1
RootDens= RootDensC 5 def ‘
c n-1 . (3-18)
Where RootDens modified radical density of theth layer, withi: n A 1 []
RootDen€ Base radical density of theh layer(spherica) []
def parameter of elliptical geometric deformation of the root system [-]

(for def=1 spherical shape is preseryed

Due to the symmetry of this type of deformation, for the layers of the lower half density is set
equal to that of the corresponding uppé&yer.

The ovoid deformation, which also applies to cylindrgystemso bring them to conical, consists
in the application of a coefficient to theéensity of each layer that varies linearly from the first
layer (= 1)to the lastone (i = 2n).

a def-1
RootDens= RootDensC 5 def ‘
c no (3-19)
Where: RootDens modified radical density of theth layer, withi: 1A 2n [-]
RootDensC base radical density of theth layer (spherical or cylindrical) [-]
def parameter of ovoid geometric deformation (fdef= 1 spherical  [-]

shape is preserved)
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The cardioiddeformation is obtained by applying a exponentially decreasing coefficient to the
density of the layers with speed conditioned on the value of deformation provided by the user.

(- k(i 0.5))

RootDens= RootDensC '€ (3-20)

where.  k = LiMin + (LiMax - LiMin )(def - 1) (3-21

where.  LiMin =-log(0.2)/n and  LiMax = - log(0.05)/n (322, 323

Where RootDens modified radical density of theth layer, withi: 1A 2n []
RootDensC base radical density of theth layer (spherical []
def parameter of cardioid geometric deformation []

3.1.4 Irrigation management

Every crop has its own sensitivity to water stress, defined by the ability to use the water present in
the root layer. The formula used in Criteria for computing is the function of Landsberg, the
sensitivity, calculated as a function pifienological stage, represents the fraction of water readily
available to use under which the plant goes into stress.

QYO W zQ¢ g @ (3-24)
Where fRAW fraction of readily available wat@rccording to_andsberg [-]
fFRAW rax fraction of readily available water during tmeaximum  [-]
sensitivityto water stress
fRAW rin fraction of readily available water during the
minimumsensitivityto water stress
sumDegreeDays sum degree days calculated with equati@al). [°Cd
DDsrax threshold ofdegree day®f maximum sensitivity to water [°C g
stress
sumDDRycie sum of thedegree day®f the 4 phenological phases [°C 4

The function of computing th&action ofuseful water compared to thavailablewater (equal to
FCWP) determines a minimum pointorrespondingto the phase of maximum sensitivity of the
crop, asshownin in Figue 3-1.
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Figure 3-1. Faction of readily availablewater (fRAW)depending on the crop developmer(simulated cop: corn)

Once fRAW value is defined, the amount of water that can be easily used in the root profile is
calculated using the function:

i £¢0@ANo
00 w6, 0§ QYO @ 0§ w0, (3-29
a0 QYE £D 0QR O
Where: HyO,vaianie  €asily available waten the root profile [mm]
fRAW fraction of readily available water according to Landsberg, []
calculated with equatiorf3-24)
WG, respectively water content, field capacity and wilting point of the [mm]
FCG layer
WR

The variabléH,O,4ia01eiS USed toassessvhen to irrigate the crop if it is on the automaiicigation
mode. The model defines the irrigation time whe#O, 4406 that integrates the height of water
that can be easily used on the layer of ground affected by the roots, talktass less than On the
databases of Criteria a range of water volume valuespresent typical for each crop, depending
on the method of irrigation

To prevent unrealistic automatic irrigation, contralere placedon the beginning and the end of
the irrigation period and on the frequency of irrigation eventdO,,.iane aSSUmMes a value less
than zero in a date outside the irrigation period or too close to the last watering event, it does not
apply any irrigation.

If the automatingirrigation mode is off, the magnitudeRAWand H,O,y4ianie are calculated but

not used, since the irrigation events are set by the user. The time, the volume and type of
irrigation are read by the crop history, and carried out regardless the conditions of wates sitires
the crop.
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