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0. INTRODUCTION

CRITERIA-1D is an agro-hydrological model simulating one-dimensional soil water fluxes,
crop development and crop water needs. The soil and crop parameters can be defined at
different levels of detail. It requires as input daily agro-meteorological data: minimum and
maximum air temperature, total precipitation and, if available, data of water table depth to
estimate the capillary rise. The software is written in C++ using Qt libraries, so cross-platform
building is possible (Windows, Linux, Mac OS).

1. DATA

CRITERIA-1D input and output data are stored in SQLite databases (.db files) that can be
easily managed by open source software on main platforms (Windows, Linux or MacQOS),

such as sqlitebrowser.
1.1 Projects

Data are typically organized in projects (/DATA/PROJECT/projectName), with a directory for
each project, containing a settings file projectName.ini and a subdirectory data. You can see
the test project in the distribution as an example.

Projects can be opened by loading the corresponding project.ini in the CRITERIA1D_PRO
graphical user interface (File—>Open Project). With the same interface it is possible to create
a new project (File—>New Project) and execute a single case of the project (File—>Execute
Case). All cases of a project can be executed in a command shell passing the .ini file as
parameter to the CRITERIA1D executable (e.g. Bash shell in Linux, DOS shell in Windows).

The project.ini file must contain the following information:

- [project] section: the location referring to the input input/output data
- [output] section: additional output that the user requires, which will be added to the
default output of the model.

The file path of input/output data can be absolute or relative to the location of the
project.ini file. If the db_output directory is missing, it will be created at the first project run.

Below is an example of the structure of a settings file (test.ini). In the following section, the
structure of each input and output file will be described.

[software]
software="CRITERIA1D"

[project]

path="./"

name="test"

db meteo="./data/meteo.db"


https://sqlitebrowser.org/dl/
https://github.com/ARPA-SIMC/CRITERIA1D/tree/master/DATA/PROJECT/test

db soil="./data/soil ER 2002.db"
db crop="./data/crop.db"

db units="./data/units.db"
db_output="./ocutput/test.db"

[output]

waterContent=15, 30,50
waterPotential=15,30,50

1.2 db_meteo
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Weather dataset is organized in a SQLite database with a meteo_locations table and several

weather data tables.

MNome Tipo
v [l Tabelle (2)
v || data_example
[2) date TEXT
[Z] tmin REAL
[=) tmax REAL
[Z] tavg REAL
[Z prec REAL
2 etp REAL
[ watertable REAL
v =] meteo_locations
[Z] id_meteo TEXT
[Z] table_name TEXT
[Z] meteo_name TEXT
[Z] longitude REAL
[Z) 1atitude REAL
[=] height REAL

Schema

CREATE TABLE "data_example” ( "date” TEXT, "tmin” REAL, "tmax"
“date” TEXT

"tmin" REAL

“tmax" REAL

"tavg” REAL

"prec” REAL

“etp” REAL

"watertable” REAL

CREATE TABLE "meteo_locations” ( "id_meteo” TEXT, "table_name”
“id_meteo” TEXT

“table_name” TEXT

"metec_name"” TEXT

“longitude” REAL

“latitude” REAL

"height” REAL

Example of meteo.db structure

A template_meteo.db is available in the directory DATA/TEMPLATE and an example of
meteo.db in the test project DATA/PROJECT/test/data

1.2.1 Table meteo_locations

meteo_locations table contains the locations and properties of the meteo points or the cells
of a gridded meteorological dataset. The table contains the following fields:

id_meteo: point/cell identifier;

table_name: name of the table, for example composed by "GRD_” followed by the

grid cell identifier;
meteo_name: location name;

longitude: longitude of the cell center in the WGS84 geographic reference system

(decimal degrees);



https://github.com/ARPA-SIMC/CRITERIA1D/tree/master/DATA/TEMPLATE
https://github.com/ARPA-SIMC/CRITERIA1D/tree/master/DATA/PROJECT/test/data
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e [atitude: latitude of the cell center in the WGS84 geographic reference system
(decimal degrees);
® height (optional): height of the cell center (meters);
id_meteo table _name meteo_name longitude latitude height

| Filter [ Fitter [Filter [ Filter [ Fitter Filter
01878 GRD_01878 VALSAVIGNONE 12.033825 43.7325 816.26
01918 GRD_01918 MONTE DELLA ZUCCA 12.006875 43.7325 015.44
01958 GRD_01958 SAN PATRIGNANO 12.1599325 43.7325 781.15
01998 GRD_01998 POGGIO DELLE CAMPANE  12.222975 43.7325 575.14
01797 GRD_01797 BADIA PRATAGLIA 11.907725 43,7775 979.62
01837 GRD_01837 VERGHERETO 11.970775 43,7775 844.81

Example of meteo_locations table

1.2.2 Weather data tables

The other tables of the meteo database contain the meteorological data, one table for each
meteo point (or for each cell of the analysis grid). The name of each table must correspond

to the field table_name in meteo_locations.

The meteorological data are organized according to the following format:

date: 1508601 format (YYYY-MM-DD) *
tmin: daily minimum air temperature (°C) *
tmax: daily maximum air temperature (°C) *

tavg (optional): daily average air temperature (°C)
prec: daily total precipitation (mm)

et0 (optional): reference evapotranspiration (mm)
watertable (optional): water table depth (m)

* required data

date tmin tmax tavg prec et0 watertable

|: tro |: tro |: tro |: tro |: tro Filtro |: tro
2012-01-01 1.9 7.9 4.6 0

2012-01-02 2.8 7.2 4.6 8.4

2012-01-03 2.6 6.9 4.9 0

2012-01-04 21 3.9 2.7 0

2012-01-05 1.5 10.8 5.6 2.6

2012-01-06 5.4 9.7 6.9 0

2012-01-07 5.2 11.4 7.7 0

Example of a weather data table
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If potential evapotranspiration is not available, the model will estimate the variable by
means of the Hargreaves-Samani equation using daily temperatures and latitude. If water
table depth is missing the model will simulate a free drainage condition at the soil bottom.

1.3 db_soil

Soil data and parameters are organized in several tables: soils, horizons, driessen,
van_genuchten and water_retention. The UNITS table lists the measurement units of each
field in the soil database.

A template_soil.db is available in the directory DATA/TEMPLATE of the distribution while
two examples of soil databases are in the directory DATA/SOIL.

1.3.1 Table soils

soils is a registry table where each soil is defined by an alphanumeric soil_code linked to an
integer id_soil. Typically this numeric field refers to a soil map shapefile in a geographical
project and it is the id used to identify the computational unit in the unit database.

Table: ‘ | soils
id_soil soil_code
|Filter Filter
1 1 AGO1
2 2 AGOz
3 3 ARC1
4 4 ARC2

example of soils table

1.3.2 Table horizons

Each soil is typically composed of several pedological horizons, described in the horizons
table, where each record describes the horizon in terms of pedological features such as
texture, structure and organic matter content, that determine the shape of the soil water
retention curve in the model.

In more details, each record of the horizons table contains:

® soil_code: unique alphanumeric code to identify the soil *
® horizon_nr: horizon number *
e upper_depth: horizon upper depth[cm] *
e Jower_depth: horizon lower depth [cm] *
® coarse_fragment: percentage of soil particles > 2 mm [%]

® organic_matter: percentage of organic matter [%]


https://github.com/ARPA-SIMC/CRITERIA1D/tree/master/DATA/TEMPLATE
https://github.com/ARPA-SIMC/CRITERIA1D/tree/master/DATA/SOIL

sand: percentage of sand [%]
silt: percentage of silt [%]

clay: percentage of clay [%]
bulk_density: bulk density [g cm™]

theta_sat: water content at saturation [m* m™]
ksat: water conductivity at saturation [cm day™]

* required data
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soil_code horizon_nr upper_depth lower_depth coarse_fragment organic_matter sand silt clay bulk_density  theta_sat ksat
Fiter  [Filter [Fiiter [Fitter Filter [Fitter [Fiiter Fiter  [Filter Filter [Fitter Filter
AGO1 1 0 60 0.0 324 0.66 0.25 0.09 0.6

AGO1 2 60 80 0.0 8.6 0.23 0.49 0.28 0.8

AGO1 3 80 110 0.0 2.0 0.44 0.46 0.1 1.42

AGO1 4 110 150 0.0 0.8 0.83 0.13 0.04 1.76

AGDZ 1 0 50 0.0 11.96 0.426 0.334 0.24 0.7

AGOz 2 50 65 0.0 6.08 0.252 0.35 0.298 0.9

AGOz 3 65 74 0.0 24.35 0.722 0.198 0.08 0.7

AGODZ 4 74 85 0.0 10.42 0.668 0.262 0.07 0.8

AGOz 5 a5 150 0.0 2.46 0.778 0.149 0.073 1.76

ARC1 1 0 50 10.0 1.2 0.189 0.414 0.397 1.35

ARC1 2 50 73 0.0 0.1 0.189 0.417 0.394 1.4

ARC1 3 75 150 0.0 0.1 0.116 0.48 0.404 1.45

ARC2 1 0 50 10.0 1.2 0.189 0.414 0.397 1.35

ARCZ 2 50 73 0.0 0.1 0.189 0.417 0.394 1.4

ARC2 3 75 150 0.0 0.1 0.116 0.48 0.404 1.45

TODO describe van genuchten, driessen and water retention tables

1.4 db_crop

Example of horizons table

The Crop database is a SQLite file organized in two tables (crop_class and crop) containing
crop classification and crop parameters.
A crop_default.db is available in the directory DATA/TEMPLATE and an example is in the test

project DATA/PROJECT/test/data.

1.4.1 Table crop_class

crop_class is a table where each crop classification (id_class) is linked to a prevalent crop
(id_crop) described in the crop table.


https://github.com/ARPA-SIMC/CRITERIA1D/tree/master/DATA/TEMPLATE
https://github.com/ARPA-SIMC/CRITERIA1D/tree/master/DATA/PROJECT/test/data
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Tabella: || crop_class v 8 8 B &
id_class type id_crop irri_ratio
Filtro |: tro |: tro Filtro

1 SUMMER_HERBACEOUS Summer herbaceous generic CORN 0.6

2  FALLOW Fallow (spontaneous natural growth) FALLOW 0.0

3 KIWIFRUIT Kiwifruit orchard KIWIFRUIT 1.0
4 CORN Corn CORN 1.0

5 TOMATO Tomato TOMATO 1.0

6 PERENNIAL_HERBACEOQUS Perennial herbaceous generic ALFALFA 0.0

7  WINTER_HERBACEOUS Winter herbaceous generic RAINFEDWHEAT 0.0

8 IRRI_WHEAT Irrigated wheat IRRIWHEAT 1.0

9 IRRI_ALFALFA Irrigated Alfalfa ALFALFA 1.0
10 PEAR Pear orchard PEAR 1.0
11 POTATO Potato POTATO 1.0
12 GRAPEVINE Irrigated grapevine GRAPEVINE 1.0
13 PEACH Peach orchard PEACH 1.0
14 SPARSE_FALLOW Sparse fallow SPARSEFALLOW 0.0

Example of crop_class table

The field type is a description of the crop class and the field irri_ratio [-] defines the irrigated
percentage of the class. For instance, if in a study area ALFALFA is not irrigated the irri_ratio
will be set to 0, whereas if it is irrigated or partially irrigated the irri_ratio will be set to a
value between 0 and 1.

If the class summer herbaceous in the study area includes both irrigated and not irrigated
crops, irri_ratio has to be set to the ratio between the two categories. For example
irri_ratio=0.6 means that the irrigated area is 60% of the total area covered by summer
herbaceous class.

Some crops (e.g. apple) are not yet simulated by CRITERIA, so they are not included in the
crop. Here are two possible solutions for simulating a new crop:

1) the user can choose a crop that can be considered similar for development and water
needs (e.g. pear could be used to simulate apple);

2) a new crop can be added in the crop table, following the instructions explained in the
following paragraphs.
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1.4.2 Table crop

Each crop is typically characterized by several parameters, described in the crop table, where
each record describes the crop in terms of phenological characteristics, water needs and
irrigation parameters.

In the table below, key parameters of the table (crop development, roots and irrigation
water needs) are listed.

Crop development

Parameter name Description Unit
plant_cycle_max_duration Crop cycle max duration days
thermal_threshold Development thermal threshold °C
degree_days_lai_increase Degree days sum for LAl increase stage °C
degree_days_lai_decrease Degree days sum for LAl decrease stage °C
lai_min Minimum value of LAI m? m™
lai_max Maximum value of LAI m? m™
lai_curve_factor_a Factor a for LAl increase stage [-]
lai_curve_factor_b Factor b for LAl increase stage [-]
ke_max Crop coefficient (K_c) corresponding to the 0]
maximum LAl

Roots
Parameter name Description Unit
root_depth_zero Beginning depth of rooting system m
root_depth_max Maximum depth of rooting system m

. Degree days sum for the maximum .
degree_days_root_increase . C
development of the rooting system

Root shape factor (gamma function, cardioid,
root_shape . o [-]
cylinder, ellipsoid)

psi_leaf Leaf resistance hPa
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Water demand and irrigation

Parameter name Description Unit
o Degree days sum for the start of the irrigation .
degree_days_start_irrigation . C
period
o Degree days sum for the end of the irrigation .
degree_days_end_irrigation . C
period
L ) Minimum number of days since the last
irrigation_shift o days
irrigation
irrigation_volume Crop irrigation volume mm/day
Threshold of Tr/Tmax ratio (actual
transpiration/maximum transpiration) above
stress_tolerance which stress is tolerated [-]
0 = any water stress is tolerated
1 = no water stress is tolerated
raw_fraction Fraction of readily available water [-]
Maximum height of the surface puddle {i.e.
max_height_surface_puddle amount of water that surface can retain mm
without runoff)

Parameters in the crop table

1.4.3 Crop parameters description

To define the crop cycle, key parameters to set are sowing_doy (the day of the year in which
usually the crop is seeded) and plant_cycle_max_duration (the maximum length of the crop
cycle in days). The computation of the phenological stages is carried out on the basis of the
thermal threshold that the user must define in the thermal_threshold field.

The degree days sum needed by the crop for the emergence (degree_days_emergence), for
the maximum leaf area index development (degree_days lai_increase) and for the leaf area
index senescence (degree_days_lai_decrease) must be set.

upper_thermal_threshold field defines the maximum cardinal temperature, which is the
maximum temperature value at which the crop could develop.

The leaf area index development is simulated by using the following parameters: minimum
leaf area index at the beginning of the crop cycle (lai_min), maximum leaf area index
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reached during the season (/ai_max) and, especially for fruit trees with a grass cover, leaf
area index of the grass (lai_grass).

The maximum crop coefficient (kc_max) is used to compute actual evapotranspiration.

The crop rooting system development is simulated by using the following parameters: depth
of the beginning of roots with respect to the ground (root_depth_zero) e.g. the depth of the
root collar, the maximum depth of the roots (root_depth_max), the degree days sum for the
full development of the rooting system (degree_days_ root_increase) and the shape of the
roots (root_shape). Currently, three shape factors codes are considered:

1 — cylinder
4 — cardioid
5 — gamma distribution

In addition, a coefficient of deformation (root_shape_deformation), expressed as a value
ranging from 0 to 2, can be used to adapt the selected shape to the actual shape of the crop
(only for cylinder and cardioid, it does not affect the gamma distribution).

The max_height_surface_puddle is the amount of water that surface can retain without
runoff, typically a few millimeters of water, except for some crops (such as rice) where the
surface is shaped specifically to retain water. This parameter can be increased if the field is
worked (the clods retain water) or decreased if the field is not flat and allows rapid runoff
(for example on hills).

In order to assess the crop water demand, the irrigation process is controlled by the
parameters listed in the table: irrigation_shift (the number of days between two irrigations)
and irrigation_volume (the maximum volume of water distributed for each irrigation during
the crop cycle in mm). These parameters allow the user to define the irrigation methods (i.e.
micro irrigation, sprinkler irrigation) depending on time shifts and maximum volumes for
each irrigation.

The irrigation season length is controlled by degree days start _irrigation and
degree_days_end_irrigation parameters: the actual irrigation period starts and stops
according to a degree days sum, taking into account the weather conditions of every specific
year, anticipating it in warm years and delaying it in cold ones.

The water stress sensitivity specific for the crop is expressed by the raw_fraction, i.e. the
fraction of readily available water between the wilting point and the field capacity.

Another parameter useful to calibrate the irrigation needs for the crop is stress_tolerance: it
expresses the tolerance of the crop to water stress as the ratio between actual transpiration
and maximum transpiration, where 0 means that any water stress is tolerated and 1 that no
water stress is tolerated by the crop.
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1.5 db_unit

The Unit database contains one table (units) that lists the project computational units and
the model specific options for each unit. A computational unit (/D_CASE) is a unique
combination of one crop (ID_CROP), one meteo (ID_METEO) and one soil (ID_SOIL).

WARNING: ID_CROP in the table units must correspond to the id_class of the crop_class
table in the crop database. (TODO fix inconsistency).

A template_units.db is available in the directory DATA/TEMPLATE and an example is in the
test project DATA/PROJECT/test/data

v =] units
|=] ID_CASE TEXT
l=] ID_CROP TEXT
l=] ID_METEQ TEXT
=] ID_SOIL NUMERIC
|- hectares NUMERIC
|=] numerical_solution INTEGER
|=| use water table INTEGER
|—| water_retention_fitting INTEGER
|—| optimal_irrigation INTEGER
I=l slope REAL

Structure of the units table
Several model parameters for each computational unit can be defined:

- hectares [ha] of the unit, used only in geographical version of the model;

- numerical_solution: (1: true, 0: false, default: 0) if true, use the soil water flux
numerical algorithm, otherwise a simplified conceptual algorithm;

- use_water_table: (1: true, O: false, default: 1) if true, the model computes the
capillary rise from water table; in case of lack of water table data a condition of free
drainage at the bottom of the soil will be simulated;

- water_retention_fitting: (1: true, 0: false, default: 1) if true, the soil parameters will
be fitted using data in water_retention table, if available;

- optimal_irrigation: (1: true, 0O: false, default: 0) if true, use ideal subirrigation to
restore field capacity in the root zone without losses;

- slope: [-] slope of the unit, used only in the numerical solution to compute the flow
in the lateral boundaries.


https://github.com/ARPA-SIMC/CRITERIA1D/tree/master/DATA/TEMPLATE
https://github.com/ARPA-SIMC/CRITERIA1D/tree/master/DATA/PROJECT/test/data

drpae

emilia-romagna

ID_CASE ID_CROP ID_METEO ID_SOIL  imerical_solutic use_water_table rater_retention_fittin stimal_irrigatic slope
Filtro Filtro [Filtro Filtro [Filtro [Filtro [Filtro [Filtro [Filtro
PEAR PEAR ERG5_01015... 267 0 1 0 0 0.01
PEAR numerical PEAR ERG5_01015... 267 1 1 0 0 0.01
PEAR numerical no ... PEAR ERG5_01015... 267 1 0 0 0 0.01
KIWI KIWIFRUIT ZATTAGLIA 97 0 0 0 0 0.02
KIWI numerical KIWIFRUIT ZATTAGLIA 97 1 0 0 0 0.02
RAVONE SPARSE_FALLOW ERG5_01422 104 0 0 0 0 0.04
RAVONE numerical ~ SPARSE_FALLOW ERG5_01422 104 1 0 0 0 0.04
POTATO POTATO ERG5_01015 268 0 0 0 0 0.01
POTATO numerical POTATO ERG5_01015 268 1 1 0 0 0.01

1.6 db_output

Example of the units table

Model output is stored in a multi-table database, one table is created for each case in the

units table, naming it with the corresponding ID_CASE.

Default output variables that Criteria-1D automatically saves are listed in the following table:

DATE date (yyyy-mm-dd)

PREC Precipitation [mm]

IRRIGATION Irrigation water needs [mm]
WATER_CONTENT Soil water content in the first meter [mm]
SURFACE_WC Surface water content [mm]

AVAILABLE_WATER

Available water (water content - wilting point) in the first meter [mm]

Fraction of available water with respect to AWC (field capacity - wilting

FRACTION_AW point) in the first meter [mm]

READILY_AW Readily available water in the rooting zone [mm]
RUNOFF Surface runoff [mm]

DRAINAGE Soil deep drainage [mm]

LATERAL_DRAINAGE

Soil lateral drainage [mm]

CAPILLARY RISE

Capillary rise from watertable [mm)]

ETO

Reference evapotranspiration [mm]

TRANSP_MAX Maximum crop transpiration [mm]
TRANSP Actual crop transpiration [mm]
EVAP_MAX Maximum evaporation [mm]

EVAP Actual evaporation [mm]

LAI Leaf area index [m2 m-2]
ROOT_DEPTH Root depth [m]
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BALANCE \Water balance error (for numerical solution) [mm]

Additional output and specific computation depth can be added by user, defining it in the
project.ini file. The possibly additional output are:

waterContent Volumetric water content at specific depth [m3 m-3]
waterPotential Water potential at specific depth [kPa]
- Sum of water deficit (FC - water content) from zero to user defined
waterDeficit
depth [mm]
e Sum of Available Water Capacity (FC-WP) from zero to user defined
depth [mm]

The calculation depth can be set in the project.ini as a depth list in [cm]. The following
example saves the water content and water potential at 15, 30 and 50 centimeters depths
and the sum of the water deficit in the first meter of soil:

[output]
waterContent=15, 30, 50
waterPotential=15,30,50
waterDeficit=100

The corresponding fields in the db output will be named:

SWC_15, SWC_30, SWC_50
WP 15, WP_30, WP 50
DEFICIT 100
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2. ALGORITHMS

The Soil Water Balance (SWB) is the result of interactions of all the hydrological processes
occurring between soil, vegetation and atmosphere.

Evapotranspirative
demand

Precipitation

. .. Evaporation
Irrigation P

Transpiration Surface runoff

s

Sub-surface
runoff

SWB conceptual scheme

The amount of water from rain or irrigation that infiltrates into the ground depends on
surface conditions, on the hydrological characteristics of the first layer of soil and its water
content. The water that could not infiltrate into the soil is collected in puddles formed by
surface roughness. Once puddles are filled, surface runoff occurs.

The processes of storage and infiltration are governed by soil water potential differences.
Each soil horizon is characterized by its water retention curve. Depending on the water
content, the layer can hold water or transfer it to the layer below. In the presence of a water
table, there may also be a supply of water to the soil deeper layers because of capillary rise.
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The presence of a crop produces water loss in the root zone through root absorption, and
simultaneously reduces evaporation loss in the surface layers. Depending on the type of soil,
its water content and the phenological stage of the crop, the water in the soil is more or less
available to plants, thus affecting its transpiration rate.

Once the crop parameters are properly set, it is possible by means of the SWB to estimate
the crop water needs not fulfilled by the soil water content that have to be provided by
irrigations.

CRITERIA-1D model follows the approach of Driessen (1986), Driessen and Konijn (1992) but
it assumes a multilayered soil and explicitly computes approximate values of daily actual
evaporation and transpiration, water flows between layers, deep drainage, surface and
subsurface runoff and capillary rise. The software is written in C++ language with use of Qt
libraries, thus it can be compiled on several platforms.

2.1 Water

In a soil water balance model the following concepts play a key role:
e Field Capacity (FC): the presumed water content at which internal drainage ceases;

e Wilting Point (WP): the minimal water content below which the plant is not able to
withdraw water;

e Soil texture classification: soil is classified by the fractions of specific ranges of
particle sizes (typically sand, silt, and clay). Classifications are named for the primary
constituent particle size or a combination of the most abundant particles sizes, e.g.
"sandy clay"; the generic term “loam” is used to describe a roughly equal
concentration of sand, silt, and clay;

e Infiltration: is the process of transferring water from the soil surface into the soil,
where it becomes soil water content and originates redistribution processes such as
subsurface flow in the unsaturated zone and groundwater flow in the saturated zone;

e Conceptual models: approximation of the physical processes through simplified
schemes adapted to describe reality by means of semi-empirical models.

2.1.1 Water retention curve

The soil water retention in the model is described by the van Genuchten equation (van
Genuchten, 1980), modified by Ippish et al. (2006). The original van Genuchten equation is:

- . 1 I
B(h)=0,+(6; —8,) (W)
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where 6(h) is the volumetric water content at the water potential h, 6, and 6, are the
saturated and residual water contents, a is the coordinate of the inflexion point of the
retention curve, m and n are dimensionless factors related to the pore-size distribution.

We used the typical restrictionm = 1 — 1/n

The hydraulic conductivity is calculated by the equation of Mualem (1976):

K, (1= (ah)™ [1 + (ah)"~™)*

1+ |;f.\u‘."}”]m'f

K(h)=

where K, is the saturated hydraulic conductivity, and [/ is an empirical parameter that
accounts for pore tortuosity.

Ippisch et al. (2006) pointed out that the van Genuchten-Mualem model, under certain
conditions, is problematic when water retention data are used to predict the hydraulic
conductivities and they demonstrated that if n< 2 or ah,> 1 (where h, is the air-entry value
of the soil, corresponding to the largest pore radius), the van Genuchten-Mualem predicts
erroneous hydraulic conductivities. In these cases, an explicit air-entry value h, has to be
included, leading to a modified van Genuchten-Mualem model:

= [1+ (ah)®]™™ if (h > h,)
5{: - I
1 if (h < he)

where S, is the degree of saturation and S, = [1+(ah.)n]—m is the water saturation at the
air-entry potential h..

The resulting hydraulic conductivity using the Mualem model is:

K,S! [ -

K

K,
where [ is the same parameter as in the original Mualem equation.
The following table lists the parameters used in the model for the USDA texture
classification.
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texture alpha he theta_r theta_s k_sat |
Filker Filter Filter Filter Filter Filter [ Filter [ Filter
sand 0.39 1.7 0.07 0.01 0.38 192.0 0.5
loamy sand 0.35 1.5 0.1 0.02 0.39 96.0 0.5
sandy loam 0.29 1.4 0.15 0.02 0.4 48.0 0.5
silt loam 0.13 1.2 0.26 0.03 0.44 9.6 0.5
loam 0.17 1.21 0.23 0.03 0.42 12.0 0.5
silt 0.1 1.24 0.27 0.03 0.44 2.4 0.5
sandy clayloam 0.22 1.22 0.2 0.03 0.41 12.0 0.5
silty clayloam 0.13 1.2 0.31 0.03 0.46 2.4 0.5
clayloam 0.18 1.18 0.27 0.04 0.45 4.8 0.5
sandy clay 0.21 1.18 0.25 0.04 0.44 3.6 0.5
silty clay 0.17 1.16 0.33 0.05 0.48 1.2 0.5
clay 0.16 1.16 0.33 0.05 0.48 0.8 0.5

Soil parameters for USDA texture classes

The values of the table were produced by a comparison of data presented in several papers
on this subject (Wosten et al., 1998; Simota and Mayr, 1996; Carsel and Parrish, 1988;
Schaap, Leji and van Geuchten, 2001).

2.2 Water flow numerical model

TODO

Numerical solution of water flow is detailed at the following web page(section 1.1.2)

2.3 Layer-based empirical model

Conceptual models approximate the physical processes through simplified schemes adapted
to describe reality by means of semi-empirical models. While conceptual models are not

able to describe the processes with the same precision of physically-based models, they

present the following advantages: a higher computational speed, which facilitates their use

in applications designed for simulations at larger scales; lower need of parameters and input
data, which could be required in case of more complex models.

The following paragraphs will describe all the components of the layer-based empirical

model implemented in CRITERIA.


https://www.arpae.it/it/temi-ambientali/meteo/scopri-di-piu/strumenti-di-modellistica/criteria/criteria_2016_technical-manual.pdf
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2.3.1 Maximum infiltration

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

Imax = 10[50(1 - e/esat) + A]

Where:

I maximum infiltration [mm d?]

max

S, standard sorptivity [cm d?]

0 volumetric water content of the layer [m3®m?]
Gsat volumetric water content at saturation [m3m?3]

A hydraulic conductivity at the wetting front [cm d]

The sorptivity represents the infiltration rate determined by the single matric potential, the
standard sorptivity SO being defined for a completely dry soil. Reference values for these

parameters, depending on the different soil textural classes, are reported in the following
table:

Textural classes A [cm d-1] S, [cm d-1] K, [cm d-1]
Sand (S) 30.33 21.44 50
Sandy Loam (SL) 17.80 19.20 26.5
Loamy Sand (LS) 9.36 17.57 12
Silt Loam (SiL) 5.32 14.46 6.5
Loam (L) 3.97 11.73 5
Silt (Si) 8.88 13.05 14.5
Sandy Clay Loam (SCL) 16.51 19.05 23.5
Silty Clay Loam (SiCL) 1.18 6.15 1.5
Clay Loam (CL) 0.76 4.70 0.98
Sandy Clay (SC) 2.94 10.74 3.5
Silty Clay (SiC) 0.80 3.98 1.3
Clay (C) 0.15 1.93 0.5

Reference values of infiltration speed of the wetting front (A), of the standard sorptivity (S,) and the
saturated conductivity (K,) depending on the different textural classes (Driessen, 1986).

The absolute values of Imax vary by several orders of magnitude as a function of textural

class: in particular, maximum infiltration is greatly reduced in both dry and wet conditions by
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increasing the clay content. The following figure shows the effect of soil moisture on Imax

values.

600
5001 °7 O Wilting Point
H Field Capacity

400-
300- 280
200-

100
0

S SL SCLLS Si SiL L SC SiCLCL SiC C

Textural Classes

Maximum daily infiltration (Imax) after a rain at field capacity and wilting point for different
soil textures (S=Sand, Si=Silt, C=Clay, L=Loam).

2.3.2 Infiltration and redistribution

The soil profile is divided by the model into a number of thin computational layers (usually 2
cm of thickness), and the computation of water flow by layer starts from the bottom of the
profile, depending on soil maximum depth.

A wetting front is determined when a layer has water content greater than its field capacity
(FC), and an initial flow is defined considering the amount of water that can be moved and
by the difference between the actual water content and the field capacity. The amount of
water that actually moves and the length of the downward shift depends on the water
content and the texture of the underlying layers.

Each layer is characterized by an infiltration of the maximum daily amount (Imax). To
estimate the maximum displacement of the waterfront, the maximum infiltration of the
underlying layer at the waterfront is calculated. If the water content of the layer exceeds the
field capacity, the amount in excess is transferred to the next one. This computation
continues until the waterfront encounters a layer in which the amount of incoming water
determines a total water content that is lower than FC, then the waterfront is stopped.

Two conditions have to be satisfied:

1. the sum of the flows passed through a layer cannot exceed its maximum daily
infiltration;
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2. in case the waterfront meets a saturated layer, the front stops at the layer above the

saturated layer.

The first condition limits the passage of water in case of clay layers with low maximum daily
infiltration: in this case it forms a suspended water table.

The second condition simulates the slowing down of the waterfront when it approaches a

saturation condition: the waterfront that is arriving lays on the previous one.

Day i

———

Medium permeable fayver

Day i+1

Surface pond

T 0
e Wetting-frontiD-—-ex|

Wetting front B+C

Infiltration into the soil profile of moisture fronts A, B, C and D

In the figure above, the infiltration of several wetting fronts in different conditions of

permeability is shown:

e the front A, crossing through medium permeable layers, moves downwards while

remaining separate from the other fronts;

e the front B crosses the same permeable layers and merges with front C, whose

infiltration is slowed by the presence of a less permeable layer;

the rain partially infiltrates creating a new front D;

The water in excess with respect to surface /,,,, creates a puddle on the ground.

In cases where the free water reaches the last layer, it leaves the system as deep drainage.
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2.3.3 Surface and subsurface runoff

The agricultural fields are usually delimited by drains and ditches, therefore surface and
sub-surface runoff can be assumed as outflow from the system through these means.

The surface runoff occurs when the soil surface roughness cannot hold puddle water. The
process is simulated considering the maximum height of storage surface, which depends on:

® crop species; for instance Oryza sativa (rice) has typically a higher puddle than other
cereals.

e crop type, i.e. annual and perennial. Annual crops are typically herbaceous crops
that need tillages and thus a default value of 5-10 mm of clod height is simulated. For
perennial crops (trees) usually tillages are not performed.

Maximum sub-surface runoff is estimated by the following equation, which solves the
universal flow equation as a function of distance and radius of drains (Driessen, 1986):

D =10k W/ (W + L /min(L /r m))

max
where:
Dmaxis maximum subsurface runoff (lateral drainage) [mm]

kois saturated hydraulic conductivity (see table in maximum infiltration paragraph) [cm/day]

Y is hydraulic head midway between drains [m]
Lyis drain spacing [m]; default: 100 m
ry is drain radius [m]M default: 0.25 m

2.3.4 Capillary rise
Capillary rise is computed by the steady state solution of Darcy's equation.

The vertical water flow between two arbitrary points follows Darcy's law:
F=k,.dH/dL

where:

F is the flow rate (cm d™?)

dH is the difference in hydraulic head (cm)

dlL is the distance of flow (cm)

k, is the hydraulic conductivity at matric suction h (cm d?)

The total hydraulic head H is composed of both gravity forces and matric suction:

H=h+g
Where h is the matric suction and g the gravity head, equal to the vertical distance (cm)
between soil layer and the groundwater level.
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The total hydraulic head H is positive if the matric suction h exceeds the vertical distance
between the layer and the groundwater. A positive hydraulic head allows positive water flow
from the groundwater to the point with matric suction h. This water flow is called capillary
rise.

Therefore capillary rise can be computed by the steady state solution of Darcy's equation as:

CR=k,. (dh/dz-1)
Where:

CR is the capillary rise (cm d-1)

h is the matric suction (cm)
z is the distance between the soil layer and the groundwater level.
2.4 Crop

Crop development in the SWB model is computed by means of daily minimum and
maximum temperature, driving the leaf area index (LAl) curve in three stages: emergence,
increase and senescence (LAl decrease). In addition, the root development is driven by
temperatures and the root density follows three main root shapes: cylinder, cardioid and
gamma distribution.

LAl drives the partitioning of the evapotranspiration in potential evaporation and
transpiration. Potential evaporation is assigned to the surface layer (if it is wet) and to the
first soil layers (up to 15 cm), while potential transpiration is assigned to the rooting system,
subdivided depending on the root density.

The actual evaporation and transpiration can be lower than the potential, depending on the
actual soil water content and on the crop physiological parameters.

TODO
Crop processes are are detailed at the following web page

2.4.1 Potential evapotranspiration

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

The evapotranspiration rate increases until water is available. The limit is called the
maximum evapotranspiration (ET,) and is defined as the amount of water
evapotranspirated per unit time from a uniform crop that has full water availability.

The reference evapotranspiration (ET,) is the amount of water evapotranspirated from a
reference crop (Festuca arundinacea Schreb., multispecies grass) maintained between 8 and
15 cm height, completely covering the ground with plenty of water availability. ET, represent
the water demand by the atmosphere, and it depends on atmospheric and surface
conditions (temperature, solar radiation, wind speed, air water content, leaf water content).


https://www.arpae.it/it/temi-ambientali/meteo/scopri-di-piu/strumenti-di-modellistica/criteria/criteria_2016_technical-manual.pdf
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The ET, estimation methods proposed in literature are many, characterized by different
input variables and made for different time scales integration. In CRITERIA-1D, Hargreaves
and Samani equation (1985) is used to calculate daily reference evapotranspiration.

The Hargreaves method needs only latitude of the computation area and daily maximum
and minimum temperature for the estimation:

0.5

ET, = 0.0023-—25(T  + 17.78)(T, ~T )

Where:
ET, is reference evapotranspiration [mm d™'];
Radextis extraterrestrial radiation [MJ m?2d™];

Toax @nd T, are daily maximum and minimum temperature of the air [°C];
T

a

,»1s the daily average temperature, computed as T, =(T ot Trnin )/2

Radextis the potential radiation that would reach Earth's surface in the absence of the

atmosphere and it can be computed by:
Radext = 24-4. 921-dr/n-(Qsin(lat)-sin(6) + cos(lat)-cos(6)-sin(L))

where:
4.921 is the hourly solar constant [MJ m? h];
lat is the latitude of the computation area [rad];
doy is the day of the year;
d, is the inverse Earth-Sun relative distance, compute by:
dr =1 + 0.033-cos(2-m-doy/ 365)

Q is the sunset hour angle [rad] computed by:
Q = arccos(— tg(lat) * tg(d))
Finally 6 is the solar declination [rad], computed by:
6 = 0.4093-sin((2m/365)-doy — 1.39)

2.5 Irrigation

Every crop has its own sensitivity to water stress, defined by the ability to use the water
present in the portion of soil explored by the rooting system. This value is defined by the
fraction of readily available water by the root.

The amount of water that can be easily available in the root profile is calculated using this
function, which integrates the height of water that can be easily used on the layer of ground
affected by the roots:

rootDepth
1

HOpataste = ) (WCi— (FC,— fRAW  (FC, — WP))))
I=iniRootDepth
where:

H,0,,4iabie 1S the easily available water content [mm)]
fRAW is the fraction of readily available water [-]
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WC,, FC,and WP, are the water content, field capacity and wilting point of the layer [mm]

The easily available water is used to assess when to irrigate the crop: the model defines the

irrigation time when H,0,, i 1S below zero.

In more detail, an irrigation is performed in the model if all the following conditions are
fulfilled:

1.

2.
3.
4

the current day of simulation is included in the irrigation season;

the number of days since the last irrigation is higher than the irrigation shift;

the forecast rain is lower than 5 mm;

the ratio between actual and potential transpiration is lower than the tolerated
stress percentage for the crop;

the easily available water is lower than zero.

The irrigation amount is computed as the minimum value among the predefined irrigation
guantity for the crop and the maximum quantity of water that can infiltrate daily without

runoff.



drpae

emilia-romagna

CRITERIA references

2021. De Faria, B. T., Aguzzi, C., Bates, T., Campbell, C., Tomei, F., Bittelli, M., & Roffia, L.
(2021, November). Predict soil moisture into the future: on the integration of CRITERIA-1D
into ZENTRA cloud. In 2021 IEEE International Workshop on Metrology for Agriculture and
Forestry (MetroAgriFor) (pp. 331-335). IEEE.

2021. Villani, G., Tomei, F., Pavan, V., Pirola, A., Spisni, A., & Marletto, V.. The iCOLT climate
service: Seasonal predictions of irrigation for Emilia-Romagna, Italy. Meteorological
Applications, 28(4), e2007.

2020. Suciu, N., et al. Evaluation of groundwater contamination sources by plant protection
products in hilly vineyards of Northern Italy. Science of The Total Environment, 141495.

2020. Ricchi, T., Alagna, V., Vlllani, G., Tomei, F., Toscano, A., & Baroni, G. Sensitivity of the
agro-hydrological model CRITERIA-1D to the Leaf Area Index parameter. In 2020 IEEE
International Workshop on Metrology for Agriculture and Forestry (MetroAgriFor) (pp.
247-251).

2020. Martini, E., Wollschlager, U., Bittelli, M., Tomei, F., Werban, U., Zacharias, S., & Roth, K.
Process-based hydrological modeling: accounting for subsurface heterogeneity by
integrating pedology, geophysics and soil hydrology. In EGU General Assembly Conference
Abstracts (p. 9894).

2020. Chitu, Z., Tomei, F., Villani, G., Di Felice, A., Zampelli, G., Paltineanu, I. C,, ... &
Costache, R. Improving Irrigation Scheduling Using MOSES Short-Term Irrigation Forecasts
and In Situ Water Resources Measurements on Alluvial Soils of Lower Danube Floodplain,
Romania. Water, 12(2), 520.

2019. Villani, G., Nanni, S., Tomei, F., Pasetti, S., Mangiaracina, R., Agnetti, A,, ... & Castellari,
S. The RainBO Platform for Enhancing Urban Resilience to Floods: An Efficient Tool for
Planning and Emergency Phases. Climate, 7(12), 145.

2018. Villani, G., et al. Soil Water Balance Model CRITERIA-ID in SWAMP Project: Proof of
Concept. 23rd Conference of Open Innovations Association (FRUCT) (pp. 398-404). IEEE.

2018. Strati, V., Albéri, M., Anconelli, S., Baldoncini, M., Bittelli, M., Bottardi, C., Solimando,
D., Tomei, F., Villani, G., & Mantovani, F. Modelling soil water content in a tomato field:
proximal gamma ray spectroscopy and soil—crop system models. Agriculture, 8(4), 60.



Enilia-romagna
2017. Chitu, Z., Villani, G., Tomei, F., Minciuna, M., Aldea, A., Dumitrescu, A,, ... & Neagu, D.
Water balance analysis for efficient water allocation in agriculture. A case study: Balta
Brailei, Romania. EGUGA, 18943.

2016. Consoli, S., Licciardello, F., Vanella, D., Pasotti, L., Villani, G., & Tomei, F. Testing the
water balance model criteria using TDR measurements, micrometeorological data and
satellite-based information. Agricultural Water Management, 170, 68-80.

2015. Campi, P, Modugno, F., Navarro, A., Tomei, F., Villani, G., & Mastrorilli, M.
Evapotranspiration simulated by CRITERIA and AquaCrop models in stony soils. Italian
Journal of Agronomy, 10(2), 67-73.

2015. Bittelli, M., Campbell, G. S., Tomei, F. Soil Physics with Python, Transport in the
Soil-Plant-Atmosphere  System.  Oxford  University Press, 464 pages, ISBN:
978-0-19-968309-3.

2014. Dottori, F., Grazzini, F., Di Lorenzo, M., Spisni, A., & Tomei, F. Analysis of flash flood
scenarios in an urbanized catchment using a two-dimensional hydraulic model. Proceedings
of the International Association of Hydrological Sciences, 364, 198-203.

2014. Villani G., Botarelli L., Marletto V., Spisni A., Pavan V., Pratizzoli W. & Tomei F. iCOLT —
Seasonal forecasts of crop irrigation needs at ARPA-SIMC. ECMWF Newsletter, 138: 30-33.

2014. Campi, P, Modugno, F., Mastrorilli, M., Tomei, F., Villani, G., & Marletto.
Evapotranspiration of tomato simulated with the CRITERIA model. Italian Journal of
Agronomy, 93-98.

2011. Bittelli M., Pistocchi A., Tomei F., Roggero P.P., Orsini R., Toderi M., Antolini G. and
Flury M. CRITERIA-3D: A Mechanistic Model for Surface and Subsurface Hydrology for Small
Catchments. In: Soil Hydrology, Land Use and Agriculture: Measurement and Modelling. M.
Shukla Ed. 416 pp.

2011. Villani G., Tomei F., Tomozeiu R., Marletto V. Climate scenarios and their impacts on
irrigated agriculture in Emilia-Romagna, Italy. Italian J. Agrometeorol., 16.

2010. Bittelli M., Tomei F., Pistocchi A., Flury M., Boll J., Brooks E.S., Antolini G. Development
and testing of a physically based, three-dimensional model of surface and subsurface
hydrology. Adv. Wat. Resour., 33, 106-122.

2009. Antolini G., Bertacchini A., Carnevali G., Dal Re L., Laruccia N., Marletto V., Missiroli A.,
Ponzoni G., Quartieri M., Scotti C., Selmi C., Tabaglio V., Tagliavini M. Regional scale
validation of two soil water and nitrogen models on wheat (Triticum aestivum |.) and peach
(Prunus persica l.). Proc. 16th Nitrogen Workshop, June 28 - July 1 Torino



drpae

emilia-romagna

2007. Marletto V., Ventura F., Fontana G., Tomei F. Wheat growth simulation and yield
prediction with seasonal forecasts and a numerical model. Agric. For. Meteor. 147:71-79.

2007. Tomei F., Antolini G., Bittelli M., Marletto V., Pasquali A., Van Soetendael M. 1.
Validazione del modello di bilancio idrico Criteria. AIAM 2007, Quaderno riassunti, 66-67.

2007. Rinaldo S., Carollo F., Leoni C., Marletto V., Tonelli T., Bonaiti G. Water requirements
calculation for crops irrigated with the Adige river water. ICID 22nd European Regional
Conference 2007, 2-7 September 2007 - Pavia

2006. Marletto V.. CRITERIA: ecco il modello regionale di bilancio idrico. Agricoltura 34(6):
127-128

2006. Carollo F., Rinaldo S., Marletto V., Tonelli T., Bonaiti G. Monitoraggio e calcolo del
fabbisogno idrico di singole colture agrarie. Atti ASITA 2006.

2006. Tomei F.,, Fontana G. Studio di validazione del modello CRITeRIA nella descrizione del
trasporto dei nitrati. Convenzione Assessorato Agricoltura.

2006. Fontana G., Ventura F., Tomei F., Tonelli T., Marletto V. Modelli agrometeorologici e
previsioni stagionali per la stima delle rese agricole. Atti Aiam 2006.

2005. Marletto V., Zinoni F.,, Botarelli L., Alessandrini C. Studio dei fenomeni siccitosi in
Emilia-Romagna con il modello di bilancio idrico Criteria (extended abstract). RIAM 9: 32-33.
Quaderno dei riassunti Convegno AIAM Vasto/Caramanico 3-5/5/2005.

2005. Marletto V., Zinoni F.,, Criscuolo L., Fontana G., Marchesi S., Morgillo A., Van
Soetendael M., Ceotto E., Andersen U. Evaluation of downscaled DEMETER multi-model
ensemble seasonal hindcasts in a northern ltaly location by means of a model of wheat
growth and soil water balance. Tellus A, 57(3), 488-497.

2004. Zinoni F., Tonelli T., Marletto V. Studio dell'effetto della tecnica agronomica sul rilascio
di nutrienti (azoto) in falda nella pianura piacentina. Appendice: descrizione del modello
Criteria. In: Progetto AQUANET, Rapporto finale, Provincia di Piacenza, 93-115.

2004. Zinoni F., Alessandrini C., Marletto V. Bilancio idrico dei suoli agricoli. Applicazione del
modello CRITERIA per la stima dei consumi idrici e delle irrigazioni relative ai principali
ordinamenti colturali, nonché dei flussi idrici superficiali e profondi. Studio ambientale sul
comprensorio ceramico.



Enilia-romagna
2004. Pistocchi A., Tomei F. Analisi numerica dei processi idrologici nel suolo agrario:
integrazione del modello CRITERIA con un modello di bilancio idrologico fisicamente basato.
Approfondimenti. Relazione tecnica finale progetto CLIMAGRI, 38 pp.

2003. Zinoni F., Tonelli T. Studio del rilascio di azoto di origine agricola nei suoli del comune
di Castelfranco Emilia utilizzando il modello CRITERIA.

2003. Pistocchi A., Tomei F. Un modello accoppiato 3D di runoff e deflusso nel mezzo poroso
nel quadro del sistema di supporto alle decisioni Criteria. Atti AIAM 2003, 285-296.

2002. Zinoni F., Marletto V., Tiberi M., Accorsi C., Roggero P.P.,, Toderi M. CRITERIA: prime
valutazioni per l'applicazione del modello nelle Marche. Relazione tecnica. Nota Interna
ASSAM, Agenzia Sviluppo Agricolo Marche.

2002. Zinoni F., Bardasi G., Battilani A., Ducco G., Marletto V., Van Soetendael M., Tonelli T.
Studio del carico di inquinanti di origine agricola: applicazione del modello CRITERIA a un
comprensorio della bassa bolognese.

2001. Marletto V., Criscuolo L., Van Soetendael M. Implementation of Wofost in the
framework of the Criteria geographical tool. Proc. of the 2nd Int. Symp. Modeling Cropping
Systems, European Society for Agronomy, Florence, 16-18 July 2001, 219-220.

2001. Marletto V., Zinoni F. Messa a punto del modello CRITERIA per la valutazione del
trasporto di nutrienti. Atti del seminario ‘"Iniziative per contenere il fenomeno
dell'eutrofizzazione nel Mare Adriatico" promosso da Direzione Generale Agricoltura -
Direzione Generale Ambiente - ARPA Regione Emilia Romagna, Bologna, giovedi 7 Ottobre
1999, 114-120.

2001. Zinoni F., Ducco G., Marletto V., Van Soetendael M. Uso del modello CRITERIA per la
valutazione del rischio di inquinamento azotato dei corpi idrici. Modellistica e qualita
ambientale. ANPA RTI CTN_SSC 1/2001, 67-77. Anche in Atti di GEOFLUID 2000, Piacenza, 5
ottobre 2000, a cura di Elisabetta Russo.

2000. Ducco G. Completamento ed attivazione delle procedure per la simulazione del
bilancio dell'azoto in CRITERIA. Relazione conclusiva. Nota interna SMR, 51 pp.

1999. Zinoni F., Marletto V. CRITERIA: bilancio idrico e GIS per la prevenzione dell’'impatto
ambientale di origine agricola. Agricoltura Ricerca n. 180/181 p: 102-109

1999. Zinoni F., Sarno G. Sviluppo, calibrazione e validazione del programma CRITERIA.
Relazione finale, Feb. 1999. Piano Trien. per la Tutela amb. 1994-1996. Sch. Int. N.23-24.
Messa a punto di un modello previs. rel. al bil. idrico di tipologie di suolo rinvenibili princip.
in aree di conoide e interconoide tra i fiumi Secchia e Panaro.



drpae

emilia-romagna

1998. Zinoni F., Marletto V., Ducco G. CRITERIA - un sistema per la gestione territoriale del
bilancio idrico. Atti Seminario AIAM "98, Firenze 2 aprile 1998: 67-74.

1998. Marletto V., Zinoni F., Tonelli T., Ducco G. CRITERIA: a Geographical Soil Water Balance
Modeling Tool for Environmental Applications at the Regional Scale. Convegno 7th ICCTA
International Congress for Computer Technology in Agriculture. Firenze 15-18 Novembre
1998, p. 43.

1998. Marletto V., Zinoni F. The Criteria project: integration of satellite, radar, and traditional
agro climatic data in a GIS-supported water balance modeling environment. In: EUR 18328,
Dalezios N.R. (ed.), 1998. Proc. COST 77, 79, 711 Int. Symp. on Applied Agrometeorology and
Agroclimatology, Volos, Grecia, 24-26 april 1996, ISBN 92-828-4137-5, 173-178.

1998. Zinoni F., Marletto V. CRITERIA: progetto per ridurre |I'impatto ambientale di origine
agricola. Rivista ARPA, Luglio-Agosto 1998

1996. Zinoni F., Marletto V., Libé A., Raggi C., Tonelli T., Trevisan M., Capri E. Pesticide
transport simulated within the CRITERIA model (poster). 10th Symposium Pesticide
Chemistry, Environmental Fate of Xenobiotics, Castelnuovo Fogliani (PC, Italy)
30/9-2/10/1996.

1995. Lega P, Libe A., Raggi C., Tonelli T., Marletto V., Zinoni F. Applicazione del modello
CRITERIA a due aree test della provincia di Piacenza. Nota interna dell’Amm. Provinciale di
Piacenza, pp. 70.

1995. Marletto V., Zinoni F, Tonelli T. Il progetto CRITERIA: un ambiente geografico per
modellare il bilancio idrico di suoli coltivati. Atti del Congresso annuale AICA, Chia, Cagliari,
27-29/9/1995, 785-787.

1994. Marletto V., Zinoni F. CRITERIA: un modello per l'idrologia e la salvaguardia
ambientale. Mensile AER, Servizio Meteorologico Regionale, Maggio 1994.

1993. Zinoni F. CRITERIA. Analisi delle fasi di realizzazione del modello e di gestione delle
banche dati e delle informazioni nei programmi di assistenza tecnica e nella
programmazione del territorio. Documento a cura di F. Zinoni, Novembre 1993.

1993. Marletto V., Zinoni F., Filippi N., Angelelli A., Laruccia N., Lega P., Tonelli T. CRITERIA: an
integrated geographical system for soil water monitoring (poster summary). Proc. of the
JRC-IRSA Conf. on the MARS project, Belgirate, 17-18/11/93.



Enilia-romagna
1993. Marletto V., Zinoni F., Filippi N., Angelelli A., Laruccia N., Lega P., Tonelli T. CRITERIA: an
integrated geo-graphical system for soil water monitoring. Proc. IX Symposium Pesticide
Chemistry, Mobility and Degradation of Xenobiotics, Piacenza 12-13 october 1993, 695-706.

1993. Marletto V., Zinoni F. CRITERIA: un sistema geografico integrato per la simulazione del
comportamento idrologico dei suoli. Atti del 1° convegno nazionale Fisica dell’Ambiente,
Brescia, 15-17/12/93, 299-301.

1992. Marletto V., Zinoni F. Il progetto CRITERIA. Relazione preliminare. Bologna 10
Dicembre 1992.

Other references

Driessen P.M., 1986. The water balance of the soil. In: Modeling of agricultural production:
weather, soils and crops. van Keulen, H., Wolf, J., (eds.), Pudoc, Wageningen, 479 pp.

Driessen P.M., Konijn N.T., 1992. Land-use systems analysis. Wageningen: Wageningen
Agricultural University.

Hargreaves, G. H., & Samani, Z. A. (1985). Reference crop evapotranspiration from
temperature. Applied engineering in agriculture, 1(2), 96-99.

Ippisch O., Vogel H.J., Bastian P., 2006. Validity limits for the van Genuchten—Mualem model
and implications for parameter estimation and numerical simulation. Adv Water Resour., 29:
1780-9.

Mualem Y., 1976. A new model for predicting the hydraulic conductivity of unsaturated
porous media. Water Resour. Res.,12: 513-22.

Van Genuchten MT., 1980. A closed-form equation for predicting the hydraulic conductivity
of unsaturated soils. Soil Sci. Soc. Am. J., 44: 892-8.



