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2.1 The AgquaCrop environment

AquaCrop is a menu-driven program with a well depeld user interface. Windows
(called menus) are the interface between the usgitlee program. Multiple graphs and
schematic displays in the menus help the user goedi the consequences of input
changes and to analyze the simulation results.

From theMain menu the user has access to a whole set of menus wiare data is
displayed and can be updated. Input consists othseaata, crop, management and soll
characteristics that define the environment in Whike crop will develop. Also the
sowing or planting day, the simulation period andditions at the start of the simulation
period are input. Input can be retrieved from inplaés. In the absence of input files,
default settings are assumed.

When running a simulation the user can in$iraulation run menu track changes in soil
water content, and the corresponding changes m d@evelopment, soil evaporation and
transpiration rate, biomass production, yield depelent and water productivity.
Simulation results are stored in output files amel data can be retrieved in spread sheet
programs for further processing and analysis.

Program settings allow the user switching off cilttan procedures, or altering default

settings in AguaCrop. With theReset>command in theProgram Settingsmenus,
settings can be reset to their default.
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2.2 Main menu

Figure 2.2
Main menu of AquaCrop

The Main Menu consists of 3 panels where the names and destriptf the selected
input files are displayed (Figure 2.2):
A. Environment panel: where the user:
(1) selects or creates Climate (Temperature, ETo, Ra@®), Crop, Management
(Irrigation and Field) and Soil profile files ang@dates the corresponding data;
(2) specifies the start of the growing cycle;

B. Simulation panel: where the user:

(3) specifies: (i) the simulation period, (ii) the iaitconditions for a simulation run,
and (iii) the off-season conditions when the siriata period exceeds the
growing period;

(4) runs a simulation for the specified environmentjqeeand conditions.

C. Project panel:where project can be saved and project files netde
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2.3 Default settings at start

2.3.1 Selected input

When AquaCrop starts it runs with a default crog anil file. No other files (files are

‘(None)’) are selected. In the absence of climateigation scheduling, field

management, initial and off-season conditions fitkfault settings are assumed. These

settings consist of:

- Climate: A default minimum and maximum air temperaturee(§€¢imate), an ETo of
5 mm/day, no rainfall and an average atmospherig €@centration of 369.47 ppm
are assumed throughout the growing cycle. Wheningna simulation, the user has
the option to specify other than the default ETd eainfall data. In the Input panel of
the Simulation run menu the data can be adjusted for each day osithelation
period;

- Irrigation : Rainfed cropping is assumed. When running a sitiar in this mode,
irrigation time and depths can be specified inltiut panel of théSimulation run
menu;

- Field management No specific field management conditions are cde®d. It is
assumed that soil fertility is unlimited, and tHatld surface practices does not
hamper soil evaporation or surface run-off;

- Initial conditions: The soil water content in the soil profile at th&art of the
simulation is assumed to be at field capacity;

- Off-season conditions No specific field management conditions are ocd&®d
outside the growing period. When running a simalatihere are no irrigation events
in the off-season and mulches does not cover éhe $urface.

The input can be altered by updating the defadtingss or data characteristics retrieved
from the files in the corresponding menus (see, 2y)selecting other input files (see
2.5), or by creating new input files (see 2.6).

2.3.2 Program settings
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2.4 Displaying and updating input characteristics

From theMain menu the user has access to a whole set of menus vilguée data
retrieved from files is displayed (Fig. 2.4). Inetlabsence of an input file (file is
‘(None)’) the default settings (see 2.3) are assurtrethe menus the data can be updated
and saved as default settings or in input filesrwteturning to thélain menu (see 2.7).

——> Climatic datamenu

—> Crop characteristicsnenu

—> lIrrigation scheduling menu
—> Field managementnenu

—> Soil profile characteristicanenu

—> Simulation periodmenu
——> |nitial conditions menu
———> Off-season conditionsnenu

——> Project characteristicsnenu

Figure 2.4
Set of menus to display and update input data

In the Menu reference of this Chapter the menuplalgg the characteristics of the
input data are described (sections 2.8 to 2.17).
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2.5 Selecting input files and undoing the selection

From theMain menu the user has access to the data base(s) whefiethare stored
(Fig. 2.5). The default data base is the DATA stddory of the AquaCrop folder. With
the<Path>command the user can specify other directories.

——> Select climate file

——> Select crop file

——> Select irrigation schedule file
——> Select field management file

—> Select soil file

——> Select file initial conditions
———> Select off-season conditions

——> Select project file

Figure 2.5
Set of menus to retrieve input files from the datdoase

2.5.1 Selecting a file

By clicking on the<Select>command in thélain menu, a list of the relevant input files
available in the selected directory is displayedme of theSelect flemenus. An input
file is selected by clicking on its name in thé.lis

2.5.2 Undo the selection

When a climate, irrigation, field management, alitonditions, off-season conditions, or
a project file has been selected, an option islavai to undo the selection and to return
to the default settings (see 2.3). This is achievgdelecting the<UNDO selection>
command in th&elect filemenu.
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2.6 Creating input files

After updating the characteristics in one of thenose(see 2.4), an input file is created by
selecting the<Save on disk>command (Figure 2.6). If the displayed data in the
characteristic menu was retrieved from an inpet, &l copy of the file will be created by
clicking on the<Save as>command. This option allows the user to creat@uarcopies

of a dataset which may differ only in one particudatting. This might be useful for the
analysis of one or another effect on crop develogroewater productivity.

Create anew file

() 4

Select menu I
>
List of files

‘ Select/Create a file Path |

M/

Display/Update characteristics

\/M

(b) v

Create anew file

‘ Display/Update characteristics

Figure 2.6
Options available to create input files by means dhe user interface

Special designed menus to create an input fileoatg available for climate, crops,
irrigation schedules, and soil data. TBeeate filemenus are displayed by selecting the
<Create new file>command in th&elect flemenu (Fig. 2.6).

Create climate filemenu: Creating a climate file consists in selecting @ating a
Temperature file, ETo file, Rain file and G@le.

Create ETo file Create Rain fileor Create Temperature filanenu: When creating

an ETo, Rain or Temperature file, the user hapéxify the type of data (daily, 10-
daily or monthly data), the time range and the dasgsting climatic data can be also

Reference Manual, Chapter 2 — AquaCrop, January200 2-7



pasted in an ETo, Rain, or Temperature file as lasghe structure of the file is
respected (see 2.19).

Create crop filemenu: When creating a crop file, the user selects the tfpcrop
(Fruit/Grain producing crops, Leafy vegetable ctoReots and tubers, or Forage
crops) and specifies a few parameters. With thp bélthis information AquaCrop
generates the complete set of required crop paeaséthe parameters are displayed
and the values can be adjusted in@nep characteristicsnenu.

Create irrigation schedulemenu: When creating an irrigation schedule the user
specifies the time and application depth of thigation events.

Create soil filemenu: When creating a soil file, the user has to spegiily a few
characteristics. With the help of this informatidquaCrop generates the complete
set of soil parameters. The parameters are displaye the values can be adjusted in
the Solil profile characteristicanenu.
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2.7 To exit and close a menu

Commands to exit a menu are available at the bottbeach menu (Fig. 2.7). On exit,

the window will be closed and the control is retdro theMain menu The exit mode is
determined by the command selected to close theinTdre following options to exit a

menu are generally available:

- <Canceb All changes made to the input displayed in the unare disregarded when

returning to theMain menuy;

- <Return to Main menu> Before returning to th&ain menu, the program checks if

data was changed or settings were altered in thmunikhe changes will be saved if

the user confirms to save the changes;

- <Save on disk When data is not retrieved from an input file, tiser can select this

option to save the data on disk before returnintpédlain menu;
- <Save as When data was retrieved from an input file, therusan select this option

to save the data in a different file from whiclwias retrieved before returning to the

Main menu

By clicking on the “X” symbol at the upper rightro@r of a menu, the window is closed
as well. This option is however not recommendecesithe exit mode cannot be

specified.

Main menu /

=

Retrieve data

from file

" “not
recommended

PN
exit \

Display data in menu \

Menu

X

‘ Cancel I

‘ —» Main menu' ‘ Save a'

Figure 2.7

Yes

v
Save changes P

v

Save data

Options to exit and close a menu
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Menu reference

,—> Select/Create file ———»
Main menu

——» Climatic data >

Crop characteristics —1—»

Onset
— > lrrigation scheduling
— Field management ———»

— Soil profile characteristics—»
—>

>

— Simulation period

—— I|nitial conditions ——
—— Off-season conditions

— Project characteristics

L » Simulation run —[:

Create climate file

—» Create ETo file

—— Create Rain file

L——» Create Temperature file
Create crop file

Create irrigation schedule

Create soil file

Set Path

Display/Update Temperature data

Program settings: Temperature parameters
Display/Update ETo data

Display/Update Rainfall data

Program settings: 10-day or Monthly rainfall

Estimate plant density

Adjustment of harvest index
Calibration soil fertility

Program settings: Crop parameters

Program settings: Field parameters

List characteristics of soil types
Management soil type characteristics
Program settings: run-off

Program settings: Simulation run

Numerical output
Output fles——»  Set Path
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2.8 Climatic data

For each day of the simulation period, AquaCropui@s minimum and maximum air
temperature, reference evapotranspiration YETrainfall and the mean annual
atmospheric C@ concentration. The climatic data are retrievednfriles containing
daily, 10-daily or monthly data and are plottedhaClimatic datamenu (Fig. 2.8).

Figure 2.8
Climatic datamenu

2.8.1 Minimum and maximum air temperature

Temperature data are used to calculate growingededay, which determines crop
development and phenology (see 2.9.2), and alsamimking adjustment in biomass
production during damaging cold periods (see 2.9r8the absence of daily data, the
input may also consists of 10-day or monthly data the program uses an interpolation
procedure to obtain daily temperature from the a@-af monthly means.

The daily minimum air temperaturejTand the daily maximum air temperature)(are,
respectively the minimum and maximum air tempegmtoipserved during the 24-hour
period, beginning at midnight.,Tand T for 10-day’s or months are the average of the
daily values.

Reference Manual, Chapter 2 — AquaCrop, January200 2-11



2.8.2 Reference evapotranspiration (ET0)

The reference evapotranspiration, denoted as ETased in AquaCrop as a measure of
evaporative demand of the atmosphere. It is thpavanspiration rate from a reference
surface, not short of water. A large uniform grdes alfalfa) field is considered
worldwide as the reference surface. The refererme @ompletely covers the soil, is kept
short, well watered and is actively growing undpgtimal agronomic conditions.

ETo can be derived from weather station data bynsed the FAO Penman-Monteith
equation, and an ETo calculator is available fat fhurpose (Box 2.8). In the calculator,
the data from a weather station can be specifiedvimde variety of units, meteorological
data can be imported, procedures are availablstim&e missing climatic data and the
calculated ETo can be exported to AquaCrop.

Box 2.8.
The ETo Calculator (FAO, 2009).

The ETo Calculator is public domain software, and a
installation disk (1.5 Mb) and a software copy fué t
Reference Manual can be obtained from: ETo

Land and Water Development Division
FAO, Viale delle Terme di Caracalla
00100 Rome, ltaly

e-mail: Land-and-Water@fao.org

Fax: (+39) 06 570 56275

web pagehttp://www.fao.org/nr/water/ETo.html

In the absence of daily data, the input may alstsists of 10-day or monthly data and
the program uses an interpolation procedure toimkdaily ET, from the 10-day or
monthly means.

2.8.3 Rainfall

The rainfall is the amount of water collected innrgauges installed on the field or
recorded at a nearby weather station. For rainfailh its extremely heterogeneous
distribution over time, the use of long-term meatadis not recommended. In case no
daily rainfall data is available, 10-day and mownttiita can be used as input.
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2.8.4 Mean annual atmospheric C®

AquaCrop considers 369.47 parts per million by wtduas the reference. It is the average
atmospheric CO2 concentration for the year 2000sorea at Mauna Loa Observatory in
Hawaii. Other CO2 concentrations will alter canopypansion and crop water
productivity (Chapter 3). AquaCrop uses as defthdt data from the MaunalLoa.CO2
(stored in the SIMUL subdirectory) which contail® tmean annual atmospheric CO2
concentration measured at Mauna Loa Observatoge sii®58. For earlier years data
obtained from firn and ice samples close to thestoé Antarctica are used, and for
future estimates an increase of 2.0 ppm is assu@#wer CO2 files, containing data
from alternative sources, can be selected in AgopCwWhen creating CO?2 files it is
important to respect the file structure (see 2)19.3

2.8.5 Program settings

Program settings are available in @kmatic datamenu:

- to select a method to estimate growing degree flagsthe air and the crop base and
upper temperature (see Chapter 3);

- to alter the default minimum and maximum air terapere in the absence of a
temperature file.

- to select a procedure to estimate surface runaf effective rainfall when rainfall
data consists of 10-day or monthly totals. Mor@infation on the processing of 10-
day and monthly rainfall data is given in Chapter 3

! David Etheridge et al. (1996), J. Geophys. Re$eant 101, 4115-4128
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2.9 Crop characteristics

The crop characteristics required by the prograend@splayed and can be adjusted in the

Crop characteristicsmenu (Fig 2.9a). The number and type of crop pataras varies

slightly with the crop types selected when creatingew crop in AquaCrop. Distinction

is made between

- fruit/grain producing crops (with a yield formatigueriod, starting at flowering,
during which the Harvest Index builds up);

- leafy vegetable crops (flowering information andlgliformation are not considered);

- root and tuber crops (with a yield formation peristhrting at root/tuber enlargement,
during which the Harvest Index builds up);

- forage crops (crops undergoing cutting more thateanyear possibly causing some
of the crop characteristics to be altered aftanting).

Figure 2.9a
First page of theCrop characteristicsnenu showing different tabs in the top line
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The crop characteristics are grouped in differeltdrs (tab sheets):
- Description
Development
- Initial canopy cover
- Canopy development
- Flowering and yield formation
- Root deepening
- Temperatures
- ET
- Kcb and Ke coefficients
- Water extraction pattern
- Production
- Crop water productivity
- Harvest Index
- Water stress
- Leaf expansion growth
- Stomatal closure
- Early canopy senescence
- Aeration stress
- Harvest Index
o Before flowering
o0 During flowering
o During yield formation
o Combined effect
- Fertility stress
- Canopy
Water productivity
Biomass
Ks coefficients
Crop parameters
- Temperature stress
- Biomass production
- Harvest Index
- Calendar

2.9.1 Conservative and user specific parameters

Crop parameters are conservative or user spettfie.conservative parameters are crop
specific but do not change materially with time, nragement practices, geographic
location or climate. They are also assumed nothtange with cultivars unless shown
otherwise. They are calibrated with data of thepcgoown under favorable and non-
limiting conditions but remain applicable for ssesonditions via their modulation by
stress response functions. The other parametersulinear specific or less conservative
and affected by the climate, field management aditmns in the soil profile. The crop
parameters are listed in Table 2.9a.
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Table 2.9a.
List of the crop parameters and their type

1. Crop Phenology

Symbol | Description

1.1 Threshold air temperatures for growing degree ays

Thase Base temperature (°C) Conservatie
Tupper | Upper temperature (°C) ConservatiVe
1.2 Development of green canopy cover
Soil surface covered by an individual seedlin§G# Conservativé”
emergence (cfrper plant) Management)
Number of plants per hectare Managenént
Time from sowing to emergence (days or GD days) nagement’
CGC Canopy growth coefficient (fraction per daygoowing Conservativé®
degree day)
CC, Maximum canopy cover (fraction soil cover) Managen'”
Time from sowing to start senescence (days or &B) Cultivar®
CcDC Canopy decline coefficient (fraction per daygoowing Conservativé”
degree day)
Time from sowing to maturity, i.e. length of crogcle Cultivar
(days or GD days)
1.3 Flowering or start of yield formation
Time from sowing to flowering or the start of yiel Cultivar®
formation (days or GD days)
Length of the flowering stage (days or GD days) Iticar
Crop determinacy linked/unlinked with flowering Rervative”
Excess of potential fruits (%) Conservatite
1.4 Development of root zone
Zn Minimum effective rooting depth (m) Manageméht
Zy Maximum effective rooting depth (m) Managemght
Shape factor describing root zone expansion Cuatee”
Time from sowing to maximum rooting depth (day<@ Cultivar @

days)

Environment®

(1) Conservative generally applicable

(2) Conservative for a given specie but can or mayuttevar specific

(3) Dependent on environment and/or management
(4) Cultivar specific
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Table 2.9a. continued.

2. Crop transpiration

Symbol | Description Type™ © G )

Kchy Crop coefficient when canopy is complete but ptior Conservativé”
senescence
Decline of crop coefficient (%/day) as a resulageing, | Conservative”
nitrogen deficiency, etc.

Sxtop Maximum root water extraction thmn*day") in top Conservativé”
quarter of root zone

Scbot Maximum root water extraction thm*°day") in bottom | Conservativé®”
quarter of root zone
Effect of canopy cover in reducing soil evaponatio late | Conservativé®”
season stage

3. Biomass production and yield formation

3.1 Crop water productivity

WP* Water productivity normalized for ETo and €@ram/nf) | Conservative”
Water productivity normalized for ETo and €@uring Conservative”
yield formation (as percent WP* before yield forroa)

3.2 Harvest Index

Hlo Reference harvest index (%) CultiVdr
Building up of HI (period in days or growing degrdays) Cultivaf?
Possible increase (%) of HI due to water strefsrbe Conservativé”
flowering
Coefficient describing positive impact of resteidt Conservativé”
vegetative growth during yield formation on Hl
Coefficient describing negative impact of stomatakure | Conservativé”
during yield formation on Hl
Allowable maximum increase (%) of specified HlI Gervative®

(1) Conservative generally applicable

(2) Conservative for a given specie but can or mayubtevar specific

(3) Dependent on environment and/or management

(4) Cultivar specific
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Table 2.9a.

continued.

4. Stresses

Symbol | Description

‘ Type 0,2, 3), (4

4.1 Soil water stresses

Pexp.lower | SOil water depletion threshold for canopy expamsitipper | Conservativé”
threshold

Pexp.upper | SOIl water depletion threshold for canopy expamsibower | Conservative”
threshold
Shape factor for Water stress coefficient for ggno Conservativé”
expansion

Psto Soil water depletion threshold for stomatal contrtJpper | Conservativé”
threshold
Shape factor for Water stress coefficient for sttahcontrol | Conservativ@

Psen Soil water depletion threshold for canopy seneseen Conservativé”
Upper threshold
Shape factor for Water stress coefficient for ggno Conservativé”
senescence
Sum(ETo) during stress period to be exceeded defor Conservativé”
senescence is triggered

Ppol Soil water depletion threshold for failure of podtion — Conservativé”
Upper threshold
Vol% at anaerobiotic point (with reference to sation) Cultivar®

Environment®

4.2 Soil fertility stress

Soil fertility stress at calibration (%) (calibicr)
Shape factor for the Fertility stress coefficieartcanopy Management”
expansion
Shape factor for the Fertility stress coefficilatMaximum | Management’
Canopy Cover
Shape factor for the for the Fertility stress &ioegfnt for Management”
Crop Water Productivity
Shape factor for the response of Decline of Caropyer | Management”
for limited soil fertility

4.3 Air temperature stress
Minimum air temperature below which pollinatiomuss to | Conservativé”
fail (cold stress) (°C)
Maximum air temperature above which pollinatioartstto | Conservativé”
fail (heat stress) (°C)
Minimum growing degrees required for full biomass Conservativé”
production (°C - day)

(1) Conservative generally applicable

(2) Conservative for a given specie but can or mayubtévar specific

(3) Dependent on environment and/or management

(4) Cultivar specific
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2.9.2 Development

In figure 2.9b1 the crop development for non-limiticonditions is plotted for fruit/grain
producing crops. Instead of LAI, AquaCrop uses greanopy cover (CC) which is the
fraction of soil surface covered by the green cgn@pop development can be specified
in growing degree days (GDD) or calendar days. Ciepelopment parameters are
grouped in 5 folders:

- Initial canopy cover (initial canopy cover at 90%ergence);

- Canopy development (canopy expansion and decline);

- Flowering and Yield formation;

- Root deepening;

- Temperatures (required for the calculation of grayvlegree days).
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. \
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crop cycle : | | v time
‘ ‘ ‘ | >
| |
|
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< >< > <
. canopy | id - ate
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rooting depth
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Figure 2.9b1
Schematic representation of crop development for trit/grain producing crops

Initial canopy cover

The initial canopy cover at 90% emergence {C& required in the two equations to
describe canopy expansion (Chapter 3). It is treelyet of plant density (number of
plants per hectare) and the soil surface coveredaryindividual seedling at 90%
emergence. By clicking on theestimate> command, plant density can be estimated
from sowing rate and approximate germination ratefrom plant spacing (Fig. 2.9b2).
The initial canopy cover can also be specified blecing one of the classes ranging
from very small to very high cover (Tab. 2.9b1)byrspecifying directly the percentage
in theCrop characteristiomenu, which would be necessary for transplantedlses.
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Figure 2.9b2
Estimation of plant density from sowing rate or plant density
in the Estimate planting densitynenu

Table 2.9b1

Classes, corresponding default values and ranges fibe initial canopy cover (CC,)
Class Default value Range
Very small cover 0.10 % 0.10 ... 0.12%
Small canopy cover 0.20 % 0.13 ... 0.30%
Good canopy cover 0.40 % 0.31 ... 0.50%
High canopy cover 0.70 % 051 ... 0.70%
Very high cover (mostly for transplants) 1.50 % 0.71 ... 10.00 %

Canopy development
Canopy expansion for no stress condition is deedrityy two equations (see Chapter 3)
requiring information on (i) initial canopy coveCGQ,), (i) maximum canopy cover
(CC) for that plant density under optimal conditioasad (iii) canopy growth coefficient
(CGC). Once senescence starts, CC declines, neguéi canopy decline coefficient
(CDC) and the starting time. The crop parametergegong canopy expansion and
decline are displayed in the canopy developmergtsbfetheCrop characteristicanenu
(Fig. 2.9b3).

Time to emergencelt is the time required from sowing to reach 90%eegence.
Because field preparation, soil temperature anémaintent varies with each case, the
time to emergence is user specific.
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Figure 2.9b3
Specification of canopy development in th€rop characteristicsnenu

Canopy Growth Coefficient (CGC) and the corresponglitime to reach maximum

canopy CGC is a conservative crop parameter. AquaCropviges alternative

procedures to specify CGC or the corresponding teneired to reach GC

- If the red arrow is downwards the time to reach imaxn canopy cover is derived
from the specified canopy growth coefficient;

- If the red arrow is upwards the canopy growth doeft is derived from the
specified time to reach maximum canopy cover:

- The canopy growth coefficient can also be specifigdselecting one of the classes
ranging from very slow to very fast expansion (Tai8b2).

Maximum canopy cover (Cg: Maximum canopy cover is dependent on plant density,
CC per seedling at 90% emergence, and CGC. Thesakaats one of the classes which
range from ‘thinly covered’ to ‘entirely coveredTdb. 2.9b3). AquaCrop displays the
corresponding ground cover at maximum canopyy €A also be specified by entering
directly the percentage.
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Table 2.9b2
Classes, corresponding default values and ranges fthe Canopy Growth
Coefficient (CGC) for no stress conditions

Class Default value Range

Very slow expansion 3 %l/day 2.0 ... 4.0 %/day
Slow expansion 6 %/day 41 ... 8.0 %/day
Moderate expansion 10 %l/day 8.1 ... 12.0 %/day
Fast expansion 15 %l/day 12.1 ... 16.0 %/day
Very fast expansion 18 %l/day 16.1 ... 40.0 %/day
Table 2.9b3

Classes, corresponding default values and rangeg fine expected maximum canopy
cover (CC,) for no stress conditions

Class Default value Range

Very thinly covered 40 % 11 ... 64 %
Fairly covered 70 % 65 ... 79%
Well covered 90 % 80 ... 89%
Almost entirely covered 95 % 90 ... 98 %
Entirely covered 99 % 99 ... 100 %

Senescence starting timeThe time at which canopy senescence starts famapt
conditions. The senescence starting time depengd@mology and is cultivar specific.

Canopy Decline Coefficient (CDC)By selecting one of the classes for canopy decline
ranging from very slow to very fast decline (Tat®l4), the canopy decline coefficient
(CDC) is derived from the number of days requiredathieve full senescence. The
canopy decline coefficient can also be specifiedatiy. The canopy decline coefficient
is assumed to be conservative.

Table 2.9b4
Classes, corresponding default values and ranges fcanopy decline expressed in
days to achieve full senescence

Class Default value Range

Very slow decline 5 weeks more than 31 days
Slow decline 4 weeks 25 ... 31 days
Moderate decline 3 weeks 18 ... 24 days
Fast decline 2 weeks 13 ... 17 days
Very fast decline 10 days less than 13 days

Time to maturity The user specifies the time at which maturitye@ched. Although the
crop can be harvested later it is assumed thatrtpeproduction no longer changes.
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Flowering (start of tuber formation or root enlargement) and yield formation
The crop parameters to be specified are (i) thes toh start of flowering (grain/fruit
producing crops), or the start of tuber formationraot enlargement (root/tuber crops)
(i) duration of flowering, (iii) the time requiretb build up the Harvest Index (HI), (iv)
the excess of potential fruits, and (v) the degredeterminancy (Fig. 2.9b4 and 2.9b5).
These parameters are mainly cultivar specific.

Figure 2.9b4
Specification of flowering and yield information inthe Crop characteristiomenu

If the <Determinancy linked with flowering> check button is checked, the crop is
determinant, and the canopy cover is assumed te thevpotential growth if CC < GC
up to peak flowering (set at half of the duratidrilowering) but not thereafter. If due to
the selection of the time of flowering, ¢@an not be reached at peak flowering,
AquaCrop adjust in th€rop characteristicsmenu the duration of flowering until the
conditions can be fulfilled. If the determinancyttiom is not checked the canopy
development can stretch till canopy senescence.

When conditions are favorable, crops pollinate margyre flowers and set more fruits

than needed for maximum yield. The excessive ydunts are aborted as the older fruits
grow. The extent of reduction in HI caused by exedemperature or severe water stress
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occurring during pollination time depends partlytbe extent of this excess in potential
reproductive bodies. The excess is specified bgctialy one of the classes ranging from
very small to large (Tab. 2.9b5).

Table 2.9b5

Classes and corresponding default values for excesfspotential fruits
Excess of potential fruits Excess of fruits
Very small 20

small 50
medium 100

large 200

very large 300

The time required for the Harvest Index (HI) torease from O (at flowering) to its
reference values ()l under optimal conditions is the duration for dinly up HI. The
Harvest Index should be able to reach its refergatee at or shortly before maturity.

Figure 2.9b5
Specification of the start of yield formation and he yield formation
for root/tuber crops in the Crop characteristionenu
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Root deepening
The crop parameters to be specified are (i) theiimam effective rooting depth and (i)
the time reached, (iii) the minimum effective rogfidepth and (iv) a shape factor for the
rooting depth (Z) time curve (Fig. 2.9b6). Theseapzeters are user specific as root
development is strongly impacted by local soil dbads and the life cycle length of the
crop.

Figure 2.9b6
Specification of root development in theCrop characteristiomenu

The minimum effective rooting deptirefers to the depth from which the germinating
seedling can extract water. For simulation purpasdspth of 0.20 to 0.30 m is generally
considered.

The maximum effective rooting deptlcan be specified by selecting one of the classes
which range from ‘shallow rooted crops’ to ‘veryegerooted crops’ (Tab. 2.9b6). The
shallow rooted crops category is only applicableite and crops with very short life
cycle such as radish. AquaCrop displays the cooredipg maximum effective rooting
depth. The rooting depth can also be specifiedritgrang directly the numeric value in
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meter. As a general rough guide for field cropg@meral, the roots deepening rate is
about 2 cm per day when the environment is optfioragrowth, the soil is not cold and
soil layers that limits growth are absent.

Table 2.9b6
Classes, corresponding default values and rangesrfamaximum effective rooting
depth of the fully developed crop under optimal condions

Class Default value Range

Shallow rooted crops 0.35m 0.10 ... 0.39
Shallow — medium rooted 0.60 m 0.40 ... 0.99
Medium — deep rooted 1.00 m 1.00 ... 1.99
Deep rooted crops 1.35m 2.00 ... 299
Very deep rooted crops (perennial)) 2.00m 3.00 ... 10.0

By varying theshape factorof the Z versus time curve, the expansion ratéhefroot
zone can be altered between planting and the timenwhe maximum rooting depth is
reached.
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The effective rooting depth might not reach its maxm value if an impermeable soil

layer blocks root development or when the expld#adpil depth is smaller than the
maximum rooting depth. The root deepening rateeiscdbed by the shape factor, but
once the effective rooting depth reaches the otistei soil layer, the expansion is halted
(Fig. 2.9b7). Current version of AquaCrop does sohulate the slowing of root

deepening by a restrictive layer.

Figure 2.9b7
Restrictive soil layer blocking root development
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Temperatures for growing degree days (GDD)
Crop development can be specified in calendar dagsowing degree days (GDD). For
the purpose of GDD calculations a base tempergheg®w which crop development
does not progress) and an upper temperature (albigh the crop development no
longer increases) are required (see Chapter 3peltamperatures are conservative for a
given specie but may be cultivar specific for linbsed in drastically different
environments. The base and upper temperaturegacdisd in the Temperatures folder
(Fig.2.9b8).

Figure 2.9b8
Specification of the base and upper temperature tleshold in theCrop
characteristicsmenu
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2.9.3 Evapotranspiration

Kcb and Ke coefficients
The soil water evaporation coefficient (for a wetl surface) and the crop transpiration
coefficient (for a well watered soil) are plottedrh sowing to maturity (Fig. 2.9c1).

Figure 2.9c1
Response of soil evaporation (Ke) and crop transpation (Kcb) coefficient to canopy
development and decline from sowing to maturity fomon limiting conditions

Evaporation from a fully wet soil surface is invagsproportional to the effective canopy
cover. The proportional factor is the soil evaporatcoefficient for fully wet and
unshaded soil surface (KRewhich is a program parameter (see 2.9.10 Progettings)
with a default value of 1.1. When canopy cover iesl (senesces) late in the season as
dictated by phenology, or as induced by water drient stress, soil evaporation is
reduced by the sheltering effect of the yellow eadl canopy cover. The effect of canopy
shelter is parameterized based on whether the gamag canopy retains more or less of
its dead leaves.
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Crop transpiration from a well water soil is propamal to the effective canopy cover.
The proportional factor is the coefficient for maim transpiration (Kcl). It is the crop
coefficient when canopy cover is complete (CC =ahy without stresses. Kchs
conservative and approximately equivalent to treabarop coefficient at mid-season of
FAO Irrigation and Drainage Paper 56 but only fases of full CC. After the time
required to reach the maximum canopy cover,jG@der optimal conditions and before
senescence, the canopy ages slowly and undergomeg@ssive though small reduction
in transpiration and photosynthetic capacity. TiBisimulated by reducing Kghoy a
constant and very slight fraction per day.

Figure 2.9¢c2
Derived maximum extraction terms (§) at the top and bottom of the root zone after
the specification of the water extraction pattern ad the maximum root extraction

Water extraction pattern
The root water extraction from the soil profile geverned by the actual soil water
content and the maximum amount of watg) (Bat can be extracted by the roots per unit
of bulk volume of soil, per unit of time (hwater per msoil per day). Sat the top of the
soil profile is generally different fromy&t the bottom of the root zone. By specifying the
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maximum transpiration rate of a well developed d@plefault value of 15 mm/day for
root zones deeper than 0.5 m is considered), amavélter extraction pattern throughout
the root zone, ,Svalues are derived in AquaCrop for different depith the root zone
(Fig. 2.9¢2).

If a soil layer blocks the root zone expansion, itieximum root extraction term at the
bottom of the root zone increases when the roatsirage to develop. This simulates the
concentration of roots above the restrictive smykek. When a restrictive layer in the soill
profile is present, the adjustment of the extractierms can be displayed in AquaCrop
(Fig. 2.9¢3).

Figure 2.9¢3
Adjustment of the water extraction pattern
in the presence of a restrictive soil layer blockig rootzone expansion
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2.9.4 Production

Normalized crop water productivity (WP?*)
To simulate biomass and vyield, the water produstimbrmalized for ETo and air GO
concentration (WP?*) is required. WP* is a consamafparameter. For use with crop
species without calibrated WP*, general rangepereided by AquaCrop for C3 and C4
species. If the harvestable organ is rich in od/anproteins, WP* after the beginning of
flowering must be reduced over the yield formateriod, by multiplying it by an
adjustment factor entered by the user (Fig. 2.9d1).

Figure 2.9d1
The water productivity normalized for ETo and air CO; and its adjustment if the
harvestable organs are rich in oil and/or proteins
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Reference Harvest Index (H¥)
The reference Harvest Index @His the representative HI reported in the literatfor
the chosen crop species under non-stress condititipss conservative to a fair extent
but can be cultivar specific. Beginning at the tstar flowering or the start of yield
formation for root/tuber crops, HI is programmedrtorease linearly with time after a lag
phase until physiological maturity (Fig. 2.9d2).elValue reached at maturity under non-
stress conditions is taken asifr that species.

Figure 2.9d2
Specification of the reference harvest index (H)
and the building up of the Harvest Index from floweing to physiological maturity
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2.9.5 Water stress

Canopy expansion, stomatal conductance and early mapy senescence
Effects of water stress on canopy expansion, s@nuainductance, and early canopy
senescence are described by water stress coeffidien Above an upper threshold of
soil water content, water stress is not considersdi Ks is 1. Below a lower threshold,
the stress is at its full effect and Ks is 0 (F&g9el). The user can specify in the
corresponding menus threshold values and curveeslupcan select a category graded
for relative resistance to water stress.
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Figure 2.9el

Examples of the variation of the water stress coetiient for leaf expansion (exp),
stomatal conductance (sto) and canopy senescenaenfsfor various soil water
depletions

Thresholds: The thresholds are expressed as a fraction (pheofTotal Available soil
Water (TAW). TAW is the amount of water a soil dawid between field capacity (FC)
and permanent wilting point (PWP). For leaf and deercanopy growth, the lower
threshold is above PWP (p < 1), where as for staraatl senescence the lower threshold
is fixed at PWP (p = 1).

Shape of Ks curveBetween the upper and lower thresholds the shipleeds curve

determines the magnitude of the effect of soil wateess on the process. The shape can
be linear or convex, and rarely possibly concavg. (E9e2). Tests so far suggest that the
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thresholds and shapes of these curves may be wvatiger at least to a fair degree. The
shape factor can range from +6 (strongly convexp t(strongly concave).

1.0

0.8

0.6

0.4+

0.2

water stress coefficient (Ks)

0.0

upper lower
threshold threshold

Figure 2.9e2
Concave, linear and convex shapes of the Ks curve

Adjustment by ET: Generally leaf and plant water status are paytidépendent on
transpiration rate, being lower for higher ratetm@inspiration. AquaCrop simulate this
effect indirectly by adjusting the Ks curve accoglito ET,. The specified soil water
depletion factors (p) are for a reference evapagademand of EJ= 5 mm/day, and the
p is adjusted at run time for different levels off E The shaded bands in the
corresponding displays (Fig. 2.9e3), on the twesiof the curved line indicate the range
of the evaporative demand adjustments as dictatedeT. The adjustment is not
considered if the correction for ETo is switchefl of

Canopy expansionlLeaf growth by area expansion (expansive growtlg terefore

canopy development are the highest in sensitivtyvater stress among all the plant

processes described by the model. The user spetife effect of water stress on leaf

expansion growth by selecting a sensitivity class( 2.9e1, Fig. 2.9e3) or by specifying

values for an upper and lower soil water depletioasholds (p):

- p(upper): The fraction of the Total Available s@itater (TAW) that can be depleted
from the root zone before leaf expansion startsetbmited;

- p(lower): when this fraction of TAW is depletedndhe root zone, there is no longer
any leaf expansion growth (reduction of 100 %).
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Table 2.9el

Classes and corresponding default values for the isavater depletion fractions for

canopy expansion

Class Soil water depletion fraction
Sensitivity to water stress for canopy expansion (pxp)
p(upper) p(lower)
extremely sensitive to water stress 0.00 0.35
sensitive to water stress 0.10 0.45
moderately sensitive to water stress 0.20 0.55
moderately tolerant to water stress 0.25 0.60
tolerant to water stress 0.30 0.65
extremely tolerant to water stress 0.35 0.70
Figure 2.9e3

Specification of the upper and lower thresholds andhe shape of the Ks curve
for the effect of water stress on canopy expansidiXSexp,w)
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Stomatal closure:Stomata have been shown to be much less sentitivater stress in

comparison to leaf expansive growth. The user fipsdhe effect of water stress on crop

transpiration by selecting a sensitivity class (€gh9e2) or by specifying a value for the

upper soil water depletion thresholds (p):

- p(upper): which determines the Readily Availabld ¥dater (RAW). RAW is the
maximum amount of water that a crop can extraehfits root zone without inducing
stomatal closure and reduction in crop transpimatio

- p(lower): which is fixed at 1.0 (i.e. TAW is compdey depleted). When the fraction
p(lower) is depleted from the root zone, the sa@taev content is at permanent wilting
point and crop transpiration becomes zero.

Table 2.9e2
Classes and corresponding default values for the ppr threshold of soil water
depletion for stomatal closure

Class Upper threshold of soil water depletion
Sensitivity to water stress for stomatal closure (Rio)
Default value Range

extremely sensitive to water stress 0.25 0.10 ... 0.29
sensitive to water stress 0.45 0.30 ... 0.49
moderately sensitive to water stress 0.55 0.50 ... 0.59
moderately tolerant to water stress 0.65 0.60 ... 0.67
tolerant to water stress 0.70 0.68 ... 0.72
extremely tolerant to water stress 0.75 0.73 ... 0.90

Early canopy senescencéinder moderate to severe water stress conditiea$,and
canopy senescence is triggered, thereby reducegréimspiring foliage area. The user
specifies the effect of water stress on canopyssEmee by selecting sensitivity class
(Tab. 2.9e3) or by specifying a value for the upgmer water depletion thresholds (p):

- p(upper): The fraction of the Total Available s@iflater (TAW) that can be depleted
from the root zone before canopy senescence geiegl;

- p(lower): which is fixed at 1.0 (TAW is completetepleted). When the fraction
p(lower) is depleted from the root zone, the satev content is at wilting point and
canopy senescence is at full speed.

Early canopy senescence is likely to be dependethemitrogen nutrition of the crop.

When nitrogen is more limiting the crop is expediethe more sensitive.
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Table 2.9e3
Classes and corresponding default values for the ppr threshold of soil water
depletion for canopy senescence

Class Upper threshold of soil water depletion
Sensitivity to water stress for canopy senescence {g)
Default value Range

extremely sensitive to water stress 0.35 0.00 ... 0.39
sensitive to water stress 0.45 0.40 ... 0.49
moderately sensitive to water stress 0.55 0.50 ... 0.59
moderately tolerant to water stress 0.65 0.60 ... 0.69
tolerant to water stress 0.75 0.70 ... 0.75
extremely tolerant to water stress 0.80 0.76 ... 0.98

Aeration stress
Water logging causes stress that affects crop dpwent and growth, except for the case
of aquatic species such as rice. When the soilrveatetent in the root zone rises above
the anaerobiosis point (Figure 2.9e4), the aeratibthe root zone will be deficient,
resulting in a decrease of crop transpiration.

deficient I _ _ sail saturation g2
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soil aeration "5n5éraaasigaom 1/_ f
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Figure 2.9e4
Zone (dark area) of restricted soil water extractio
as a result of deficient soil aeration

The aeration stress is specified by a Ks coeffici@n soil saturation (upper threshold)

the stress is at its full effect and Ks is 0. Belawower threshold of soil water content,

water stress is not considered and Ks is 1. Theddlreshold is the soil water content
below saturation at which poor aeration no longeait$ transpiration. Between the upper
and lower thresholds the shape of the Ks curveneat (Fig. 2.9e5). The user specifies
the sensitivity of the crop to water logging byesing an aeration stress class (Tab.
2.9e4) or by specifying the anaerobiosis pointyua percent below soil saturation).
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Table 2.9e4

Classes, corresponding default values and ranges f@eration stress

Class anaerobiosis point
(volume % below saturation)

default range

not stressed when water logged 0 0

very tolerant to water logging - 2 vol% 1...3

moderately tolerant to water logging - 5 vol% 4..6

sensitive to water logging - 10 vol% 8..12

very sensitive to water logging - 15 vol% 13...15

Figure 2.9e5

Specification of the soil water content below sat@tion at which poor aeration no
longer limits transpiration
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Harvest Index

Water stress may alter Hl, either positively or ategely, in several ways, depending on
timing, severity and duration of the stress.

Before flowering: Pre-anthesis water stress limiting vegetative ¢fiaway have positive
effects on the Harvest Index. The user specifiesntiaximum increase that should be

considered (Fig. 2.9e6) or select a class gradethéoeffect of pre-anthesis water stress
(Tab. 2.9e5).

Figure 2.9e6
Positive effect on Harvest Index of pre-anthesis vter stress
affecting biomass production

Table 2.9e5

Classes graded for the maximum positive effect ofr@-anthesis stress on Hi
Class percent increase of Hli
None 0%

Small 4 %

Moderate 8 %

Strong 12 %

Very strong 16 %
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During flowering: When stress igery severand inhibits pollination directly, the effect
on HI is negative for a given class of excessiveemmial fruits, and its magnitude is set
by a water stress coefficient (Ks). The thresholdthe failure of pollination, expressed
as a fraction (p) of TAW, is lower (stronger stréssgel) than the threshold for the effect
for stomatal closure and triggering of senescefite water stress coefficient Ks
decreases linear from 1 to O between the uppeshble (po,) and lower threshold
(permanent wilting point). The user specifies tbhié water depletion (p) at the threshold
or selects a class graded for relative resistancgraught (Fig. 2.9e7, Tab 2.9e6). In
addition to the Ks value, the user specifies thergxof excessive potential fruits in the
Flowering and Yield formation sheet of Developmgge 2.9.2).

Figure 2.9e7
Specification of the upper thresholds
for the effect of water stress on failure of polliation

During yield formation: The effect of water stress during yield formataam be positive

or negative depending on the severity of the stress

- One adjustment is for the competition between \ayet and reproductive growth
after flowering begins, linked to Ks for leaf grdwand with positive stress effect on
HI. The magnitude of this effect as a function of I§ set by a coefficient “a”,
increasing as “a” diminishes (Tab. 2.9e7);
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- When stress is severe enough to cause substaioimahts closure and reduction in
photosynthesis, the effect on HI is assumed to dégative and linked to Ks for
stomata. The magnitude of this effect is set byffment “b”, with the negative
effect on HI being accentuated as “b” decreaseb.(Z8e8).

Table 2.9e6

Classes, corresponding defaults values and ranges the soil water depletion factor

(p) for failure of pollination

Class Soil water depletion fraction (p)
Sensitivity to water stress for failure of pollination
Default value Range
extremely sensitive to water stress 0.76 0.75...0.77
sensitive to water stress 0.80 0.78...0.82
moderately sensitive to water stress 0.85 0.83...0.86
moderately tolerant to water stress 0.88 0.87...0.90
tolerant to water stress 0.92 0.91...0.93
extremely tolerant to water stress 0.95 0.94...0.99

Table 2.9e7

Classes, corresponding defaults values and rangesr fthe “a” coefficient (positive

stress effect on HI)

Class Soil water depletion fraction
Sensitivity to water stress for failure of pollination (p por)
Default value Range
none - -
small 4 3...40
moderate 2 15..29
strong 1 0.75...1.40
very strong 0.7 0.50...0.70

Table 2.9e8

Classes, corresponding defaults values and rangeas fthe “b” coefficient (negative

stress effect on HI)

Class Soil water depletion fraction

Sensitivity to water stress for failure of pollination (p pol)

Default value Range

none - -

small 10 71..20
moderate 5 41..7.0
strong 3 1.6..4.0
very strong 1 1.0..15
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By selecting the<view corresponding HI adjustment>command, the user can study
the combined effect on the Harvest Index of waterss during yield formation in the
Adjustment of Harvest Indexmenu (Fig 2.9e8). The combined effect on HI can be
displayed for various root zone depletions and exetjve demands.

Figure 2.9e8.
Combined effect on Harvest Index of water stress ding yield formation for
the selected “a” and “b” coefficient, root zone defetion and evaporative demand
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Overview: After combining the various effects on HI on watdress, the adjusted
Harvest Index should remain smaller than a preseimum. In the folder presenting the
overview of water stress effects on Harvest Indee, user can adjust the maximum
allowable increase (Fig. 2.9e9).

Figure 2.9e9
Combined effect of water stress on harvest index
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2.9.6 Fertility stress

Mineral nutrient stress, particularly the lack afragen, can reduce canopy expansion,
the maximum canopy cover that can be reached)(&@l the water productivity (WP*).
In addition, under long-term nutrient stress CCnmalty undergoes steady decline once
the adjusted CCis reached at mid season. AquaCrop does not sienalarient cycles
and balance, but provides categories of soil fgrtievels ranging from non-limiting to
severely limiting. The user can choose one of tategories when specifying Field
Management but calibrates the crop response i€tbp characteristicmenu (See 2.9.7
Calibration for soil fertility).

Figure 2.9f
The effect of soil fertility stress on canopy devepment

Once calibrated the user can see the effect oédegfined classes on crop development,
water productivity and biomass production (Fig.fR.The 4 predefined fertility levels
(next to the calibrated response) considered ina@gap are:

- Non limiting;

- Near optimal (20% soil fertility stress);

- Moderate (40% soil fertility stress), and

- Poor (60 % soil fertility stress).
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2.9.7 Calibration for soil fertility

The calibration consists of specifying the canopglitie and the reductions in canopy
growth coefficient (CGC), maximum canopy cover (E@nd water productivity (WP¥*)
for a specific stress level. This is not done dlyebut through a calibration process
explained below.

Soll fertility stress and decline coefficients
The effect of limited soll fertility on crop devedment and production is described with a
set of 3 soil fertility stress coefficients (Ks)dmwmne decline coefficient (f). The set
consists of :
- Ksexp: SOil fertility stress coefficient for canopy exgsion ( 1);
- Kscex : soil fertility stress coefficient for the maximuecanopy cover ( 1);
- Kswp : soil fertility stress coefficient for the watgroductivity ( 1);
- fcpecine @verage daily decline of the canopy cover onc&imam canopy cover is
reached ( 0).

For non-limiting soil fertility (i.e. soil fertiliy stress is zero) the 3 soil fertility stress
coefficients (Ks) are 1. When the soil fertilityests is complete (100% fertility stress),
crop production is no longer possible and the Keffaments are zero. Between the upper
and lower limits for soil fertility the Ks coeffients vary between 1 and 0 (Fig. 2.991).

no stress

Ks
soil fertilty stress coefficient

full stress 0.0 \ ‘ \ ‘ \ v ‘ \ ‘ \
0% 20 % 40 % 60 % 80 % 100 %

soil fertiltiy stress

Figure 2.9g1
Soil fertility stress coefficient for various soilfertility stress level (full line) with
indication of the Ks and soil fertility stress usedor calibration (square)

The shape of the Ks curves can be convex, lineaowncave and may differ between the
3 Ks curves. The shape of each of the curves evméted at calibration by specifying a
Ks value between 1 and 0 for the particular satilfy stress at which the crop response
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is calibrated. Once a curve is calibrated, the Kgesponding to other soil fertility
stresses is obtained from the curve.

The calibration for the average daily decline af ttanopy cover ¢becing follows the
same approach. For non-limiting soil fertility (i%oil fertility stress is zero) the decline
is zero. When the soil fertility stress is compl¢i®0% fertility stress), a maximum
decline of 1 % per day is assumed. Between therugpe lower limits for soil fertility
fcpecine Varies between 0 and 1 % per day. The shape addbkne coefficient curve is
determined at calibration by specifying @d:ine between 0 and 1 % per day for the
particular soil fertility stress at which the crggsponse is calibrated. (Fig. 2.992).

no stress 0.0 % /day

02%/day -------""""""“""“"“"“"“"~"“"~"—~"—~— -~~~ -G~~~

04%/day -----""""""""""" """ g

f CDecline
decline canopy cover

06%/day -—----"""""""""“""""-" """ - -

08%/day -----"-""""-- - oo

full stress 1.0 % /day T T T T T T T T
0 % 20 % 40 % 60 % 80 % 100 %

soil fertiltiy stress

Figure 2.992
Decline canopy coefficient for various soil fertiliy stress level (full line) with
indication of the fcpecine and soil fertility stress used for calibration (sqiare)

Calibration process
The calibration consists of 3 steps and requiregsscto observed data from two well
watered fields (no water stress) one with and tiherowithout soil fertility stress. The
field with unlimited soil fertility is the referemcfield, while the field with limited soil
fertility is used to calibrate the shape of the &sl decline coefficients curves. The
calibration requires that the crop on the caliloratiield shows a well noted response to
the limited soil fertility.

Step 1. Selection of the soll fertility stress focalibration

The biomass harvested at the end of the crop oyclée calibration field (Biibration field
expressed as a percentage of the biomass of #remet field (Brerence field, IS Specified
as the percentage of the soil fertility stress usedalibration.
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B .
soil fertility stress=100—2ratonfield (Eq. 2.991)

referencefield

Step 2. Calibration of canopy development (Kscx, KSexp,t: fepdeciine)

Observed differences in canopy development betwleemalibration and reference field
are used to calibrate some of the Ks coefficieDepending on the quality of the data
one or more coefficients can be calibrated (Figg3):

a. The maximum canopy cover (GX»bserved on the calibration field is expressed as
a percentage of the G©btained on the reference field. By specifying ¢thserved
reduction in CG (for the soil fertility stress fixed in step 1) AaCrop determines
the corresponding shape of thecKscurve; and/or

b. By knowing the time required to reach £@ days or growing degrees counting
from sowing), the corresponding reduction in CGQhat calibration field can be
obtained (AquaCrop displays for that purpose bbthtime required to reach ¢C
and the corresponding reduction in CGC). Once dgeigtion in CGC is known at
the solil fertility stress fixed in step 1, AquaCrdptermines the corresponding
shape of the Ks, ¢ curve; and/or

c. For good quality data, the observed decline in pgraevelopment starting at mid
season can be used to specify the averageifc at the soil fertility stress fixed in
step 1. AquaCrop determines the corresponding sbfaibe tpeciine CUIVE.

Green canopy cover

(b)
Growing cycle (days)

Figure 2.99g3
Canopy cover observed on the reference field (ligletrea) and calibration field (dark
area) with indication of (a) the reduction in CG,, (b) the delay in time to reach C§
and (c) the canopy decline once CGs reached
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Step 3. Calibration of water productivity for biomass (Ksyp)

By simulating the canopy development for limited $ertility (CCiimied), @s determined
by the reference CGLCGC and CCand the calibrated I8y, KSexps and tpdecinein step

2, AquaCrop estimates the corresponding biomastuption that can be expected on the
calibration field for well watered conditions aetholil fertility stress used for calibration:

Beaiibration fiela = (KSNP WP*) (KCbx qumited) (Eq. 2.992)

where WP* is the reference water productivity. Bjyuating Ksve, the simulated drop in
biomass production (100 BoratiodBreferencd Can be matched with the observed relative
biomass production (which was taken as the sdilifgrstress used for calibration in step
1 (Egq. 2.994). If required, the soil fertility ste coefficients affecting canopy
development (K&cx, KSexp,s @and Epeciing Can also be altered in this process (especiglly i
good calibration data was lacking) until a good ehadbetween observed and simulated
biomass production is obtained (Fig. 2.9g5).

-~ -~~~ observed

Step 1. soil fertiltiy stress =100 m——— -~

Breference field ~ ~

- 5
1 —= o =
Step 2. z ¢3S
Kscex | o2
[ - %7§ calibration
0 4 o field
‘ — —
! ISPt field observations’ ~ time
Kscec L - ’
|
|
: '
1 :
fepecine |
0 Y
l
1 ;
Step 3. Kswe
0

time
= Watfr Productivity X Transpiration

simulated

‘ -
simulated
Canopy Cover
4+— )
A

= Kswe X WP* =Kch, x green canopy cover

Figure 2.9g4
Visual representation of the calibration process fosoll fertility
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Figure 2.9g5
Display of the simulated relative biomass when cddrating soil fertility stress
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2.9.8 Temperature stress

In AquaCrop temperature stresses affecting bionmssluction and pollination are
considered. The effects are described by temperatuess coefficients (Ks) which varies
between O (full effect of temperature stress) afloleffect).

Biomass production

Low temperatures can cause stress that affectsdaeglopment and growth. AquaCrop

considers the impact of low temperature in two w&yse is by using GDD as the clock,

accounting for effects on phenology and canopy esioa and decline rate. In addition,

it is necessary to account for the more directoeftd cold stress on biomass production.
The latter is specified by a Ks coefficient, whichries between 1 and 0 between an
upper threshold and a lower threshold defined ims$eof growing degrees per day (Fig.

2.9h1). The lower threshold is fixed at 0 °C-dagtvBeen the upper and lower threshold
the shape of the Ks curve is logistic.

Figure 2.9h1
Specification of the threshold for temperature strgs on biomass production
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Pollination
Cold and heat stress might affect pollination. Témaperature stress is specified by a Ks
coefficient, which varies from 0 to 1 between tied temperatures. For the cold stress
Ks is 0 at the lower threshold and 1 the upper tgatpre threshold. For the heat stress
Ks is 1 at the upper threshold and 0 at the loweeshold temperature (Fig. 2.9h2).
Between the upper and lower thresholds the shdpbe &s curves are logistic.

Figure 2.9h2
Specification of the thresholds for cold and heattsess on pollination

Only the upper threshold for the minimum air tenapere (T .o and the lower
threshold for the maximum air temperaturg k) at which pollination starts to fail are
crop parameters.,Eoq can range from 0 to +15 °C angpfs: from +30 to +45 °C. In
AquaCrop it is assumed that full stress is reaqied= 0) at 8 °C below (cold stress) or
above (heat stress) the specified threshold aipéeature.
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2.9.9 Calendar
An overview of the calendar of the growing perisdlisplayed in the Calendar folder of
the Crop characteristicanenu (Fig. 2.9i).

Figure 2.9i
Crop calendar with indication of the FAO-56 growthstages

In the calendar the length of crop growth stagedHe described crop development can
also be displayed. The stages refer to the defmstiused in earlier FAO publications
(Irrlgatlon and Drainage Papers Nr. 24, 33 anddbil) are:

Theinitial stage starts at sowing and stops when canopy coverds (iC = 0.10);

- Thecanopy development stagstarts when the canopy cover is larger then 10&o a
stops when 98% of the maximum canopy cover is h¢GC = 0.98 Cg.

- The mid season stagestarts when the canopy covers reaches 0.93 &D@ stops
when canopy senescence begins. The end of the istageen by the time to reach
canopy senescence.

- Thelate season stagstarts when the days to senescence are reachestiogscat the
moment crop maturity is reached, and the cropadyéo be harvested.

In Annex Il (Tab. II-1) indicative values for lergt of crop development stages for

various planting period and climate regions for cmon agriculture crops are presented.
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2.9.10 Program settings

From theCrop characteristicamenu the user has access to the program setistes in
Table 2.9]. The effect of the settings on soil erafion, crop transpiration, canopy
expansion and decline, and soil water stress aptaieed in the relevant sections of
Chapter 3 (Calculation procedures).

Table 2.9j
Program settings affecting evapotranspiration, cropdevelopment and the effect of
water stresses

Symbol | Program parameter Default
fk Evaporation decline factor for stage Il 4
Kex Soil evaporation coefficient for fully wet and nshaded soil 1.10
surface
Threshold for green CC below which HI can no longerease 10 %
(% cover)
Z, Sowing depth (% of minimum effective rooting depth) 70 %
Maximum for root zone expansion (cm/day) 3 cm/day
Shape factor for effect water stress on root zopamsion -6
Required soil water content at sowing depth fongeation (% 20 %
TAW)
Adjustment factor for FAO-adjustment soil water idjon (p) by 1
ETo
Number of days after which deficient aeration iéyfeffective 3 days
Exponent of senescence factor adjusting drop ingslyathetic 1
activity of dying crop
Decrease of p(sen) once canopy senescence israty@s of 12 %
p(sen))
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2.10 Start of the growing cycle

The start of the growing cycle is specified in Main menu (Fig. 2.10a) by
- specifying the date, or
- generate onset based on rainfall.

Figure 2.10a
Panel inMain menuwhere the start of the growing cycle is specified

2.10.1 Specified date

The user specifies the first day of the observeplamned start of the growing cycle (i.e.
the first day after sowing or planting). If theesgtled climatic data is linked to a specific
year, the start of the growing period is also lshke that year. If the climatic data
consists of several years, the start of the growegod occurs in the first year of the
climatic data set. The year can be adjusted ip#me|.

2.10.2 Generate onset

In rainfed cropping, sowing or planting is typigallietermined by rainfall events. By

clicking on the<Select criterion>command, th®©nsetmenu is displayed (Fig. 2.10Db).

By selecting one or another criterion, the starthef growing cycle is determined by

appraising the rainfall data specified in the seledRain data file. By specifying the first

and last day in a ‘Search window’, only rainfalltkvn the specified window is evaluated.

The following criteria can be selected to deterntimeonset of the growing cycle:

- cumulative rainfall since the start of the search period is equalrtexceeds the
preset value;

- observedrainfall during a number of successive days equal to or exceeds the
preset value;

- 10-day rainfallis equal to or exceeds the preset value;

- 10-day rainfall exceedthe presefraction of the 10-day ETo

The last two options are particular useful if ohB+day or monthly rainfall is available.

The onset date is the first date for which the etk criterion holds. The next 12 onset
days are displayed when clicking on tigext days>command.
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Figure 2.10b
Onsetmenu where the onset of the growing period is datamined
by the exceedance of 25 mm of rainfall in a periodf& successive days,
counting from 1 August 2000 (start of the search wdow)
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2.11 lIrrigation scheduling

Various irrigation modes can be selected inlthigation scheduling menu (Fig. 2.11a).
One opts for (i) rainfed cropping (no irrigation season), (ii) the determination of Net
irrigation water requirement, (iii) an irrigatiorctsedule by specifying the events or (iv)
the generation of an irrigation schedule by sp&uifya time and depth criterion.

Figure 2.11a
The selection of the mode in thérigation scheduling menu

2.11.1 No irrigation (rainfed cropping)
When selecting this option, no irrigations will generated when running a simulation.

2.11.2 Determination of net irrigation water requrement

When selecting this option, AquaCrop will calculataring the simulation run the
amount of water required to avoid crop water str&§ben the root zone depletion
exceeds a given threshold value (50% of RAW is dleéault), a small amount of
irrigation water will be stored in the soil profile keep the root zone depletion just above
the specified threshold. The threshold for the vedible root zone depletion can be
adjusted.
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The total amount of irrigation water required teegehe water content in the soil profile
above the threshold is the net irrigation waterumegment for the period. The net
requirement does not consider extra water thatdbe applied to the field to account for
conveyance losses or the uneven distribution @fation water on the field.

2.11.3 Irrigation schedule (specified events)

The user specifies the date and application deptledch irrigation event (Fig. 2.11b).
The irrigation depth refers to the net irrigationaunt. Extra water applied to the field to
account for conveyance losses or the uneven disiib of irrigation water on the field
should not be added.

Figure 2.11b
Specification of the time and application depth foirrigation events
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2.11.4 Generation of irrigation schedules

At run time irrigations can be generated by sp@ugfya time and a depth criterion. The
time criterion specifies ‘When’ an irrigation has lhe applied while the depth criterion
determines ‘How much’ water has to be applied. Aftee selection of the criteria the
values linked with the time and depth criteria ttabe specified. The value specified at a
specific day of the cropping period will be valifl the date where another value is
specified or to the end of the cropping period whervalues at later dates are specified.
As such one can adjust the values linked with tlier@ to crop development (Fig.
2.11c). The time and depth criteria with their esponding parameters that need to be
specified are listed in Tables 2.11a and 2.11b.

Figure 2.11c
Specifying an irrigation schedule
where the fixed irrigation interval (time criterion) varies over the season
while the fixed irrigation application depth (depth criterion) remains constant
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Table 2.11a

Time criteria with corresponding parameter

Criterion

Parameter

Fixed interval

Interval between irrigations (foraemple 10 days)

Allowable depletion
(mm water)

Amount of water that can be depleted from the mwie
(reference is soil water content at field capaciigjore an
irrigation has to be applied (for example 30 mm)

Allowable depletion
(% of RAW)

Percentage of RAW that can be depleted beforeatidg
water has to be applied (for example 100 %)

Table 2.11b

Depth criteria with corresponding parameter

Criterion

Parameter

Back to Field Capacity

Extra water on top of theoant of irrigation wate
required to bring the root zone back to Field Cégac¢he
value can be zero, positive or negative:

zero : the applied irrigation will bring the soilater
content in the root zone at Field Capacity (reacie
the end of the day);

positive: an over irrigation is planned for examfie
leaching purposes (for example + 20 mm);
negative: an under irrigation is planned for exasrtpl
profit from expected rainfall (for example — 10 mm)

Fixed application depth

Net irrigation applicatidepth

Reference Manual, Chapter 2 — AquaCrop, January200

2-60



2.11.5 Irrigation method

Many types of irrigation systems wet only a fraatiof the soil surface (Table 2.8d).

Since only part of the soil surface is wetted, sser evaporates from the soil surface
after an irrigation event. By selecting an irrigatimethod, an indicative value for the
fraction of soil surface wetted is assigned. Ther usin alter the value if more specific
information is available from field observations.

Table 2.11d
Indicative values for the fraction of soil surfacewetted for various irrigation
methods

Soil surface wetted (%)
Irrigation method
Sprinkler irrigation 100
Basin irrigation 100
Border irrigation 100
Furrow irrigation (every furrow), narrow bed 60 — 100
Furrow irrigation (every furrow), wide bed 40 - 60
Furrow irrigation (alternated furrows) 30-50
Trickle/Drip - Micro irrigation 15-40
Subsurface drip irrigation 0
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2.12 Field management

Characteristics of generéield management can be specified in Fheld management
menu (Fig. 2.12a). Choices of soil fertility levelad practices that affect the soil water
balance are specified in this menu.

Figure 2.12a.
Field managemenmenu

2.12.1 Soil fertility

Limited soil fertility might hamper canopy developnt, result in a steadily decline of the
canopy in mid season, and reduce crop water privitycThe selected soil fertility level
and the calibration (see 2.9.7) determine the cesponse. Four predefined soil fertility
levels can be selected:

- non limiting (no soil fertility stress);

- near optimal (mild soil fertility stress of 20%);

- moderate (moderate soil fertility stress of 40%);

- poor (severe soll fertility stress of 60%).

Additionally one can select the soil fertility ldveor which the crop response was
calibrated (user defined).
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AquaCrop displays for the selected soil fertiligyél (i) the canopy development, (ii) the
water productivity corresponding to the amount @intass produced, (iii) the expected
biomass production and (iv) the adjusted values particular cop parameters (Fig.
2.12b). The crop response on soil fertility will lbiferent if additionally water or
temperature stress occurs during the season.

Figure 2.12b
Display of the crop response
for the selected soil fertility level in theField managementnenu

2.12.2 Mulches

Mulches covering the soil surface will affect seMaporation. Depending on the type of

mulches and the fraction of the soil surface ca¥etke reduction in soil evaporation

might be more or less substantially. The user §psci

- the degree of soil cover;

- the effect of mulches on the reduction of soil eragion. Plastic mulches
substantially reduce the evaporation of water friti@ soil surface (50 to 80 %
depending on their soil cover). Organic mulches o@ysists of unincorporated plant
residues or foreign material imported to the figldth as a straw (reduction of the soil
evaporation by about 50%)

The corresponding total reduction in soil evaporais displayed (Fig. 2.12c).
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Figure 2.12c
Display of the effect of mulches on soil evaporatio

2.12.3 Field surface practices

Field surface practices and soil bunds might prevbat part of intense rainfall or

excessive irrigation will be lost as surface runoff

- If ploughing or tillage practices, such as soibiity or contours, eliminate run-off of
rain water, the user can switch off the run-off qgadure. However runoff will still
occur if rain or irrigation events exceed the tndition rate of the top soil layer. Only
if the excess of rain or irrigation water can baratl on the field between soil bunds
the surface runoff will be completely inhibited.

- Soil bunds are built to store water on the field @the case in rice paddy fields).
When bunds are present, the user specifies thathaighe bunds.

2.12.4 Program settings

The soil depth from which evaporation can extraatew out of the top of the soil profile
is fixed in the program. With the Program settitigs user can alter its default value of
0.30 meter.
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2.13 Soil profile characteristics

The characteristics of the various soil horizond ahthe soil surface layer are displayed
and can be adjusted in ti®oil profile characteristicsmenu (Fig. 2.13). The user
specifies also in this menu the occurrence of aicése soil layer that might block the
root zone expansion.

Figure 2.13
Soil profile characteristicanenu

2.13.1 Soil horizons and their physical charactestics

The soil profile can be composed of up to five efiéint horizons, each with their own
physical characteristics. The soil data consisttloé various soil horizons, their
volumetric water content at saturation, field cafya@nd permanent wilting point, and
their hydraulic conductivity at soil saturation.

Soil water content at saturation, field capacity ad permanent wilting point

- Saturation. When the total pore volume is filled with watéhe soil water
content is at saturation. Such conditions are ratheommon in the root zone due
to entrapped air and vertical drainage. Saturatedliions generally only exist
when the groundwater table is in or near the roaez

- Field Capacity is the quantity of water that a well-drained seibuld hold
against the gravitational forces. It is the upjaitifor the plant extractable water.
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Although the soil matric potential at field capgoitaries somewhat with the soil
type and environmental conditions, the water candémm matric potential of —10
kPa (pF 2.0) up to — 33 kPa (pF 2.5 or 1/3 bardften considered as field
capacity.

- Permanent Wilting Point is the soil water content at which plants stopaeting
water and will permanently wilt. It is as such tlmver limit of the plant
extractable water. Although permanent wilting pomay somewhat vary for
different crops, plant age and root distributiorsigenerally accepted that the soll
water content at a matric potential of —1.5 MPa 4@b is a representative value
for the permanent wilting point.

Saturated hydraulic conductivity (Ksa). The hydraulic conductivity expresses the
property of the soil to conduct water through d.sélhen the soil is saturated all
pores are filled with water and the value for thgraulic conductivity is at its
maximum. The saturated hydraulic conductivity ornpeability defines the rate for
the soil layer to transmit water through the saadasoil under the influence of
gravity.

Total Available soil Water (TAW) and drainage coeficient (tau). From the
specified hydraulic characteristics, AquaCrop daiees for each soil horizon the
total amount of soil water (TAW) that is availalfler crop transpiration and the
drainage coefficient (tau). TAW is the amount ofteveheld in the soil between field
capacity and permanent wilting point. The dimenkeiss drainage coefficient is used
for the simulation of the downward water movemaerthie soil profile (Chapter 3).

2.13.2 Indicative values for soil physical charderistics

The amount of water remaining in the soil at satoneand field capacity varies with the
soil texture, organic matter content and structliree clay and organic matter content of
a soil horizon predominantly define its soil watentent at permanent wilting point. The
saturated hydraulic conductivity {§} does not only vary between soil types, but ewen f
one specific soil type, a typicalskvalue does not exist. Even in a single fieldsinot
uncommon to measure rather important variationKfgyin space and time as a result of
variations in soil structure, bulk density, biologi activity and soil management.

The user can make use of indicative values proviogdAquaCrop for various soil
textural classes (Tab. 2.13a), or import locallyedmined or derived data from soil
texture with the help of pedo-transfer functioneX.13). The values presented in Table
2.13a or derived with the help of pedo-transfercfions are only indicative values. They
are not intended to replace measurements.

By selecting the<Update list of soil type characteristics>ommand in th&oil Profile
characteristicsmenu, the indicative values for the soil hydradiaracteristics can be
updated and soil types can be added or removed tinenlist. The characteristics are
stored in the file ‘SOILS.DIR’ of the AquaCrop ditery.
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Table 2.13a

Default soil physical characteristics for various sil types (listed in Soils.DIR)

Solil type soil water content Saturated

Saturation Field Permanent hydraulic

Capacity Wilting Point | conductivity
vol % vol % vol % mm/day

Sand 36 13 6 1500
Loamy sand 38 16 8 800
Sandy loam 41 22 10 500
Loam 46 31 15 250
Silt loam 46 33 13 150
Silt 43 33 9 50
Sandy clay loam 47 32 20 125
Clay loam 50 39 23 100
Silty clay loam 52 44 23 120
Sandy clay 50 39 27 75
Silty clay 54 50 32 15
Clay 55 54 39 2
Box 2.13

Soil water characteristics derived from pedo-transér functions available in the

Hydraulic Properties Calculator

Calculator developed by the USDA Agricultural ResbaService in cooperation wit

the Washington State University (Keith E. SaxtosaXon@wsu.edu) available
Internet: http://http//hydrolab.arsusda.gov/soievdhdex.htm
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2.13.3 Characteristics of the soil surface layer

When specifying soil data for the top horizon, défaalues for the Curve Number (Tab.

2.13b) and the Readily Evaporable Water are demwetdisplayed.

- The Curve Number (CN) is required for the simulatiof the surface runoff (see
Chapter 3) and its value refers to the value fee@dent moisture class Il (AMC 1),

- The Readily Evaporable Water (REW) expresses theuamof water that can be
evaporated from the soil surface layer in the enéngiting stage (see Chapter 3).

Table 2.13b
Default CN values for various saturated hydraulic onductivities of the top horizon
Saturated hydraulic conductivity (Ksag) CN default value
mm/day for AMC I
> 250 65
250 — 50 75
50-10 80
<10 85

2.13.4 Restrictive soil layer
If an impermeable soil layer blocks root developmdéime user specifies its depth. The
root zone expansion is halted once the restriciielayer is reached (Chapter 3).

2.13.5 Program settings

With the Program settings the user can

- switch on/off the adjustment of the CN value to tekative wetness of the topsoil.
The CN values for the three different antecedeniste classes (AMC) are
displayed.

- alter the default thickness of the topsoil that wé considered for the determination
of its wetness (required for the determination M@).

Reference Manual, Chapter 2 — AquaCrop, January200 2-68



2.14 Simulation period

In the Simulation periodmenu the user can adjust the simulation periocfsimulation
run (Fig. 2.14). The length of the growing cyclegigen as a reference in the Simulation
period sheet and the range of the climatic datdabla in the climate files is displayed in
the Climatic data sheet.

Figure 2.14
Specification of the simulation period in theSimulation periodmenu

The user adjusts the range of the simulation pdmpdpecifying the first and last day,
month and eventually year. The simulation period lba shorter, longer or linked with
the growing cycle as long as the period does notex the range of climatic data. If no
climate file is selected, the user can select amylation period but will have to specify
the climatic data at run time.

The graph in the Simulation period sheet displaysaaime axis (i) the length of the

period for which climatic data is available (Datéj) the length of the cropping period
(Crop) and (iii) the selected simulation periodni8iation).
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2.15 Initial conditions

The information used by AquaCrop at the start @hesimulation run can be adjusted in
thelnitial conditions menu (Fig. 2.15).

Figure 2.15
Specification of the initial soil water content inthe Initial conditions menu

2.15.1 Initial soil water content

The soil water content at the start of the simafatun can be adjusted by (i) specifying
the soil water content at particular depths ofdbig profile, (ii) specifying it for specific
layers, or by (iii) setting the whole soil profiet Saturation, Field Capacity, Wilting
Point, or at specific percentage of TAW (Total Aable soil Water).

The initial soil water conditions are strongly detened by the climatic conditions (ETo
and Rain) and irrigation applications in the perhoefore the simulation period. If the
simulation period starts at the end of a very ra@egson, the soil water content of the soil
profile might be close to field capacity. If themsilation starts in the hot dry season, the
topsoil might be wet by pre-irrigation but the soibsvill be dry and the water content
close to wilting point.

Reference Manual, Chapter 2 — AquaCrop, January200 2-70



2.15.2 Water between soil bunds
If the field is surrounded by soil bunds (see ZFigld management) the amount of water
on top of the soil surface at the start of the $atmon run can be specified.

2.15.3 Cumulative counters

Cumulative counters keep track of the sum of thfydalues of parameters of the soll
water balance during a simulation run: rainfall amg@jation amount, amount of water
lost by surface runoff, amount of water evaporateahspired, infiltrated into the soll
profile and drained out of the profile. These ceusitare, by default, automatically reset
at zero at the start of each simulation run. Ifdie&ult option is not selected (see 2.15.4
Program settings) the values are kept for the nexand the ‘Cumulative counters’ sheet
is displayed. In the sheet the user can resetdieters at any time to their initial value.

2.15.4 Program settings
In program settings the user can adjust the nu@hesize of the soil compartments and
alter some of the settings assumed at the stéameafimulation run.

Soil compartments
To describe accurately the retention, movement ugpstdke of water in the soil profile
throughout the growing season, AquaCrop dividessiik profile into small fractions
(see Soil water balance in Chapter 3). The safilpris divided into soil compartments
(12 by default) with thicknesBz (0.10 m by default). However, after the crop cibe
AquaCrop will adjust the size of the compartmentdver the entire root zone if the
maximum rooting depth exceeds 1.20 meter. For deefpzonespPz is not constant but
increases exponentially with depth, so that irdtlbn, soil evaporation and crop
transpiration from the top soil layers can be dbsd with sufficient detail. The
hydraulic characteristics of each compartment he¢ of the soil horizon to which it
belongs. In program settings the user has the mptimverwrite the AquaCrop settings
by adjusting the number and thickness of the sigartments.

Settings at the start of the simulation run

When starting a new simulation run, the soil watenditions in a soil profile are by
default reset to the specified initial conditiosed 2.15.1) and the cumulative counters
(see 2.15.3) are reset to zero. This is correctnwgecessive simulation runs are not
linked in time or apply to different fields. Withe ‘Keep’ option the soil water content at
the end of a simulation run becomes the soil wetertent at the start of the next run.
This assumes that the various runs refer all toparécular field and are successive in
time (one crop after another is cultivated in thene field). It is obvious that in such
cases the user can no longer alter the soil typso #he values for the cumulative
counters can be kept between the simulation runs.
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2.16 Off season conditions

If the simulation period (see 2.14 Simulation pd)ies not fully linked with the growing
cycle but starts before the planting of the crofimishes after the moment of maturity,
management conditions outside the growing cycledsiée be considered. In th@ff-
season conditionsnenu (Fig. 2.16) the user can specify the presehogulches and the
occurrence of irrigation events outside the growipge.

Figure 2.16
Specification of a pre-irrigation in the Off-season conditiongnenu

2.16.1 Mulches in the off-season

The solil cover (mulches) of the fallow land befarel/or after the growing cycle and the
effect of the mulches can be specified. The sorecavill reduce the evaporation losses
from the non-cropped land.

2.16.2 lIrrigation events in the off-season

Irrigation events can be scheduled before and #fieergrowing cycle. This allows the
users to simulate a pre-irrigation before the sgwanplanting of the crop or to schedule
irrigations out of the crop season to leach accatedlsalts out of the root zone.
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2.17 Project characteristics

Project characteristics consist of (i) the file msntontaining the characteristics of the
selected environment (climate, crop, managementsail)] and of the initial and off-
season conditions, (ii) the growing cycle and satioh period and (iii) the program
settings. The characteristics can be saved injaqgirfile and are displayed in tiRroject
characteristicmenu (Fig. 2.17).

Figure 2.17
Display of the file names containing the charactestics of the selected environment
and of the initial and off-season conditions in th&roject characteristianenu

Characteristics of the environment and of the ahitind off-season conditions can be
specified in AquaCrop without retrieving them franfile (file is ‘(None)’). If a project
containing ‘(None)’ files is saved, the defaulttgggs listed in 2.3 (Default settings at the
start) will be assumed when retrieving such a ptofe. If the characteristics do not
correspond with the default setting, it is strongtivised to save the characteristics in a
file, before saving the project characteristics.
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2.18 Simulation run

2.18.1 Display of simulation results

Simulation results are plotted in t&@mulation run menu in a number of graphs which

are updated at the end of each daily time step &iga and 2.18b). From such plots the
user can follow throughout the simulation run thiéeacts of water stress on crop

development and production, and switch betweenrakdesplays, each of a different set
of outputs, presented in different folders. Theagdty of simulating in short time steps

and switching between several folders is partitylaseful if one wants to study the

effect of a particular event on a specific paramete

Figure 2.18a.
Graphical displays of Climate-Crop-Soil water outpu in the Simulation run menu

The Climate-Crop-Soil water sheet (Fig. 2.18a) am# graphs with plots of (i) the soll
water depletion of the root zone (Dr), (ii) the remponding development of the green
canopy cover (CC), and (iii) the transpiration (Tptted as functions of time.
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The absence of rain and irrigation during long @#si might led to a drop in root zone
water content below the threshold (Th1l) affectiagapy expansion. This will result in a
slower canopy development than expected (0-30 dfigs planting in Fig. 2.18a). In the
canopy cover graph (CC) the canopy cover withouemstress is plotted in light gray in
the back portion of figure as a reference. Moreesewater stress will result in stomata
closure, resulting in reduced crop transpiratios-$% days after planting in Fig. 2.18a).
In the transpiration graph (Tr), the maximum cragmspiration that can be reached when
the crop is well watered is plotted in light graythe back as a reference. Severe water
stress might even trigger early canopy senescern@&y days after planting in Fig.
2.18a).

Figure 2.18b.
Selection of a parameter for display in the&Simulation run menu

In the second sheet of t@mulation run menu, the user can select particular parameters
for further analysis (Tab. 2.18). Several crop peeters and parameters of the soil water
balance can be selected and the scale for theghobe adjusted (Fig. 2.18b).
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Table 2.18

Parameters of the soil water balance and crop paraeters that can be selected for

display in the Simulation run menu

Parameters of the soil water balance

Crop parameters

Deep percolation

Deep percolation (cumulative)
Evapotranspiration
Evapotranspiration (cumulative)
Evapotranspiration (maximum)
Evapotranspriation (relative)
Infiltrated water

Infiltrated water (cumulative)
Irrigation

Irrigation (cumulative)

Rainfall

Rainfall (cumulative)

Soil evaporation

Soil evaporation (cumulative)
Soil evaporation (maximu)

Soil evaporation (relative)
Surface runoff

Surface runoff (cumulative)

Biomass produced (cumulative)
Biomass produced (relative)
Crop transpiration (cumulative)
Crop transpiration (relative)
Growing degrees

Harvest Index (HI)

Rooting depth (effective)

Water Productivity (WP)

Yield

In the soil water profile sheet of ti&#mulation run menu, the simulated water content in
the various compartments of the soil profile isuathd every day of the simulation
period. In the Parameters of soil water balanceetshealues are given for soil

evaporation, crop transpiration, surface runofitrated water, and drainage.

In the Production sheet of tl&mulation run menu, information is given on the ante and
post-anthesis impact of water stress on the adgrdtiof HI (Fig 2.18c). The simulated
amount of biomass produced and the biomass thdt dtave been produced in the
absence of water and soil fertility stress areldigga as well. Information is also given
on the amount of biomass and of yield producedupérof transpired water (actual water

productivity in ton per r).
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Figure 2.18c.
Information on biomass production, actual water praluctivity, and the ante and
post-anthesis impact of water stress on the adjustmt of HI in the Simulation run
menu

2.18.2 Save project

By selecting the<Save project> command in theSimulation run menu, the
characteristics of the environment, the initial avfftseason conditions and program
settings can be saved as a project file. This igli@nnative way of creating a project file
(see 2.6).
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2.18.3 Numerical output

Simulation results are recorded in output files Hreddata can be displayed by clicking
on the<Numerical output> command in th&imulation run menu (Fig. 2.18d). The
data can be aggregated in 10-day, monthly or yeiats.

Figure 2.18d.
Display of data recorded in output files
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2.18.4 Output files

On exit of theSimulation run menu, the option is available to save the outputiisk.
The output consists of 5 files containing:

- 18 key variables for crop development and prodadtRrojectCROP.OUT)

- 16 key variables for soil water balance (ProjectWABOUT)

- 10 key variables for soil water content — profliRrqjectPROFILE.OUT)

- 12 key variables for soil water content — compartta€Project COMP.OUT)

- 5 key variables for net irrigation requirement (BodiINET.OUT)

The files are stored by default in the OUTP directof AquaCrop. By using different
filenames (and even directories), the user cangorethat the simulation results are not
overwritten at each run.

The data in the files can be retrieved in spreaishrograms for further processing and
analysis.

Figure 2.18c
Specification of the path and file name for the Ouyiut files
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Input/Output and program settings Files

If AquaCrop is correctly installed, the main diremgt (default “ C:\ProgramFiles\FAO\

AquaCrop ") should contain:

(i) the following files:

- AquaCrop.EXE (the executable file );

- Files with default project settings (*.PAR): DefaBIAR, General.Par, Planting.par,
Onset.par, Runoff.par, Showers.par, Crop.par, Rald Temperature.PAR;

- Files with default Crop and Soil parameters: DEFAULRO, DEFAULT.SOL,;

- SOILS.DIR (a file with default values for soil claateristics)

(i) and three subdirectories:

- DATA (default subdirectory for the input files);

- OUTP (default subdirectory for the output files);

- SIMUL (subdirectory for simulation purposes, contag between other files the
MaunaLoa.CO2 file).
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2.19 Input files

The input is stored in text files which are retadvhrough the user-interface. By default

the input files are stored in the DATA subdirectofythe AquaCrop folder. Distinction is

made between:

- Climate files (*.CLI) which contains the names ddet of files containing
0 air temperature data (*. TMP),
o reference evapotranspiration data (*.ET0),
o rainfall data (*.PLU), and
0 atmospheric C@data (*.CO2);

- Crop files (*.CRO) containing crop characteristics;

- Irrigation files (*.IRR) containing the timing anapplied irrigation amounts of an
irrigation schedule;

- Field management files (*.Man) containing charastas of the field on which the
crop is cultivated;

- Saoil files (*.SOL) containing characteristics oktRoil profile;

- Files with the specific conditions in the soil plefat the start of the simulation
period (*.SWO);

- Files with off-season field management condition®FEF); and

- Project files (*.PRO) containing information on tgeowing and simulation period,
the settings of program parameters, and the nafbe set of input files describing
the environment, and the initial and off-seasondaams.

2.19.1 Climate file (*.CLI)

A climate file (Tab. 2.19a) contains next to itssd@ption and the reference of the
AquaCrop version, the names of the air temperdfilee(*. TMP), ETo file (*.ETo),
rainfall file (*.PLU), and CQ file (*.CO2).

Table 2.19a.

Example of a climate file (files with extension CL)
Tunis (Tunisia) climatic data

3.0 : AquaCrop Version (January 2009)
Tunis. TMP

Tunis.ETo

Tunis7902.PLU

MaunalLoa.CO2
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2.19.2 Temperature (*.TMP), ETo (*ETo) and rainfdl (*.PLU) files
Temperature (Tab. 2.19b), ETo (Tab. 2.19c) and Rkifiles (Tab. 2.19d) have all the
same structure which consists of:

- 5 lines containing information required by the pay;

- an empty line to separate the information fromréeords;

- 2 lines for the title of the records;

- list of records (1 line for each daily, 10-daily monthly record). The records are the
daily, mean 10-daily or monthly minimum and maximamtemperature in degrees
Celsius, the daily, mean 10-daily or monthly ETanm/day and the total daily, 10-
daily or monthly rainfall data in mm. The data n@ysists of integers or reals with 1
digit (1/10 of a degree or a millimeter).

Table 2.19b.

Structure of an air temperature file (files with extension TMP)

Line File content

1 First line is a description which is displayedentselecting the file
2 1 : Daily records (1=daily, 2=10-daily and3onthly data)

3 1 : First day of record (1, 11 or 21 ford&y or 1 for months)
4 1 : First month of record

5 1999 : First year of record (1901 if not linkeda specific year)
6

7 Tmin (°C) TMax (°C)

8 e, T, T, T, T, =

9 7.0 15.0

10 8.0 16.0

11 9.0 18.0

Table 2.19c.

Structure of an ETo file (files with extension ETo)

Line File content

1 First line is a description which is displayedentselecting the file
2 1 : Dally records (1=daily, 2=10-daily andr3onthly data)

3 1 : First day of record (1, 11 or 21 ford&y or 1 for months)
4 1 : First month of record

5 1999 : First year of record (1901 if not linkeda specific year)
6

7 Average ETo (mm/day)

8 e, T, T, T, T, =

9 1.0

10 11

11 1.2
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Table 2.19d.
Structure of a Rainfall file (files with extensionPLU)

Line File content

1 First line is a description which is displayedentselecting the file
2 1 : Daily records (1=daily, 2=10-daily andnonthly data)

3 1 : First day of record (1, 11 or 21 ford&y or 1 for months)
4 1 : First month of record

5 1999 : First year of record (1901 if not linkeda specific year)
6

7 Total Rain (mm)

8 e, T, T, T, T, =

9 0.0

10 0.0

11 16.6

2.19.3 CO2file

A CO2 file contains mean annual atmospheric, @@a (in ppm) for a series of years
arranged in chronological order. For years not i§igélcin the file, AquaCrop will derive
at run time the C@concentration by linear interpolation between #pecified CQ
values for an earlier and later year. For yearsobthe listed range, the atmosphericCO
concentration is assumed to be equal to the spdcialue of the first year (for earlier
years) or the specified value of the last year [diter years). When creating CO2 file, the
structure of the file needs to be respected (TdRe).

Table 2.19e.

Structure of a CO2 file (files with extension CO2)

Line | File content Explanation

1 First line is a description description

2 Year CO2 (ppm by volume) title

3 s s s s t|t|e

4 1940 310.5 year(1l) and corresponding @O
5 1960 316.91 year(2) and corresponding @O
6 1961 317.65 year(3) and corresponding €O
n-1 2007 383.72 year(n-1) and corresponding €Q
n 2020 409.72 year(n) and corresponding GO
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2.19.4 Crop file

Reference Manual, Chapter 2 — AquaCrop, January200 2-84



2.20 Files with program settings
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2.21 Output files

Simulation results are stored in a set of outdasfiBy default the output files are stored
in the OUTP subdirectory of the AquaCrop foldereTutput files contain daily data of:

- Crop development and production;

- Soil water content at various depths of the safifa;

- Soil water content in the root zone;

- Various parameters of the soil water balance;

- Net irrigation water requirement.

The variables listed in the output files are giwer2.18.1 to 2.18.5. The data in the files
can be retrieved in spread sheet programs forduglocessing and analysis.

2.21.1 Crop development and production
Default file name: ProjectCROP.OUT

Nr | Symbol Description Unit
1| Day -
2 | Month -
3 | Year -
4 | DAP Days after planting/sowing -
5 | Stage Crop growth stage: -

0: before or after cropping;

1: between sowing and germination or transplant
recovering;

2: vegetative development;

3: flowering;

4: vyield formation and ripening

-9: no crop as a result of early canopy senescence

6 | GD Growing degrees °C-day
7| Zr Rooting depth m
8 | StExp Water stress affecting leaf expansion %
9 | StSto Water stress inducing stomatal closure %0
10 | StSen Water stress triggering early canopy senes %
11 | CC Green canopy cover %
12 | Trx Maximum crop transpiration mm
13 | Tr Actual crop transpiration mm
14 | T/Tx Relative transpiration (100 Tr/Trx) %
15 | WP Crop water productivity adjusted for CO2) sattility and g/nf
products synthesized
16 | StBio Temperature stress affecting biomass mtoziu %
17 | BioMass | Cumulative above ground biomass ton/ha
18 | HI Harvest Index adjusted for failure of pollilwa, inadequate %
photosynthesis and water stress
19 | Yield Part| Yield (HI x BioMass) ton/ha
20 | Br(w) Percent biomass produced (Reference: giodriertility but %

well watered soil)
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21 | Br(wsf) Percent biomass produced (Referencd:watkred and %
well fertilized soil)
22 | WPbiom | Water Productivity for biomass kg/n
23 | WPyield | Water Productivity for yield part kgim
2.21.2 Soil water balance
Default file name: ProjectWABAL.OQUT
Nr | Symbol Description Unit
1 | Day -
2 | Month -
3| Year -
4 | DAP Days after planting/sowing -
5 | Stage Crop growth stage: -
0: before or after cropping;
1: between sowing and germination or transplant
recovering;
2. vegetative development;
3: flowering;
4: vyield formation and ripening
-9: no crop as a result of early canopy senescence
6 | WCTot Water content in total soil profile mm
7 | Rain Rainfall mm
8 | Irri Water applied by irrigation mm
9 | Surf Stored water on soil surface between bunds mm
10 | Infilt Infiltrated water in soil profile mm
11 | RO Surface runoff mm
12 | Drain Water drained out of the soil profile mmn
13 | Ex Maximum soil evaporation mm
14 | E Actual soil evaporation mm
15 | E/E Relative evaporation (100 E/EX) %
16 | Trx Maximum crop transpiration mm
17 | Tr Actual crop transpiration mm
18 | T/T Relative transpiration (100 Tr/Trx) %
19 | ETx Maximum evapotranspiration mm
20 | ET Actual evapotranspiration mm
21 | ET/ET Relative evapotranspriation (100 ET/ETX) %
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2.21.3 Soil water content (profile)
Default file name: ProjectProfile.OUT

Nr | Symbol Description Unit
1 | Day -
2 | Month -
3 | Year -
4 | DAP Days after planting/sowing -
5 | Stage Crop growth stage: -
0: before or after cropping;
1: between sowing and germination or transplant
recovering;
2: vegetative development;
3: flowering;
4: vyield formation and ripening
-9: no crop as a result of early canopy senescence
6 | WCtot Water content total soil profile mm
7 | WCZx Water content in maximal root zone mn
8| Zr Rooting depth m
9| Wr Water content in actual root zone mn|
10 | Wr(SAT) | Water content in actual root zone iusated mm
11 | Wr(FC) Water content in actual root zone atifiehpacity mm
12 | Wr(exp) Water content in actual root zone atangpreshold for leaff mm
expansion
13 | Wr(sto) Water content in actual root zone atanppreshold for mm
stomatal closure
14 | Wr(sen) Water content in actual root zone aeupipreshold for mm
early canopy senescence
15 | Wr(PWP) | Water content in actual root zone atragrent wilting point mm
2.21.4 Soil water content (compartments)
Default file name: ProjectComp.OUT
Nr | Symbol Description Unit
1| Day -
2 | Month -
3 | Year -
4 | DAP Days after planting/sowing -
5 | Stage Crop growth stage: -
0: before or after cropping;
1: between sowing and germination or transplant
recovering;
2: vegetative development;
3: flowering;
4: vyield formation and ripening
-9: no crop as a result of early canopy senescence
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6 | WC1 soil water content compartment 1 * vol%
7| WC2 soil water content compartment 2 vol%
8 | WC3 soil water content compartment 3 vol%
9 | WC4 soil water content compartment 4 vol%
10 | WC5 soil water content compartment 5 vol%
11 | WC6 soil water content compartment 6 vol%
12 | WC7 soil water content compartment 7 vol%
13 | WC8 soil water content compartment 8 vol%
14 | WC9 soil water content compartment 9 vol%
15 | WC10 soil water content compartment 10 vol%
16 | WC11 soil water content compartment 11 vol%
17 | WC12 soil water content compartment 12 vol%

* The soil depth (corresponding at the centre efcbmpartment) is specified for each
compartment in the file

2.21.5. Net irrigation requirement
Default file name: Projectlnet. OUT

Nr | Symbol Description Unit
1| Day -
2 | Month -
3| Year -
4 | DAP Days after planting/sowing -
5 | Stage Crop growth stage: -
0: before or after cropping;
1: between sowing and germination or transplant
recovering;
2. vegetative development;
3: flowering;
4: vyield formation and ripening
-9: no crop as a result of early canopy senescence
6| E Actual soil evaporation mm
7| Trx Maximum crop transpiration mm
8| ET Evapotranspiration: Sum of E and Trx mm
9 | Rain Rainfall mm
10 | Inet Net irrigation requirement mm
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