Topic 3 - Crop Modelling and AquaCrop

Intention of crop modelling and AquaCrop course was to be familiar with modelling
concepts starting from their fundamentals to their practical application.

In the first part of the course, given in the introductory part, theoretical concepts of
modelling are provided: what is a model, why we use models, how models are classified.
Model development process was also analysed, from model choice to model calibration
and validation.

In the second part of the course, AquaCrop model was presented. The model was
selected based its characteristics: simplicity, robustness, availability (free downloadable
from FAO website) and huge users community. In this second part, the model theory was
explained in detail and the model was installed by students on their own laptop. Practical
training was carried out on database management, input creation (meteo, soil, and crop
files), model run, and output analysis.

AqguaCrop manuals (FAO website) were distributed to student along with teaching
material and basic meteorological and crop data for modelling exercise.

At the end of the course all students were able to install and run AquaCrop on their own.
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AquaCrop

AquaCrop is a crop water productivity model developed by the Land and Water Division
of FAO

It simulates yield response to water of herbaceous crops, and is particularly suited to
address conditions where water is a key limiting factor in crop production

AquaCrop attempts to balance accuracy, simplicity, and robustness. It uses a relatively
small number of explicit and mostly-intuitive parameters and input variables requiring
simple methods for their determination.
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Yield response to water describes the relation between crop yield and water stress

(1-Y/Yx) = Ky(1-ET/Etx)

Yx = max yield
Y = actual yield

ETx= max evapotranspiration
ET = actual evapotranspiration

Ky = yield response factor

Relative yield decline (1-Y/Yx)
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AquaCrop
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AquaCrop approach
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Avoids the confounding effect of the non-

ET=E+Tr productive use of water (soil evaporation)

Y = HI(®) . Avoids the confounding effects of water
B /" stress on biomass and harvest index

WP: kg of biomass
R _ N per m? and per
(1-Y/¥¥) = Ky (1-ET/ETY) |:|,> mm of cumulated
water transpired
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AquaCrop model components
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* Focus on water
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AquaCrop is essentially a crop water balance model. What distinguish
AquaCrop from other crop models is:

+ Use of canopy cover instead of LAI

Use of WP values normalized for atmospheric evaporative demand and
CO2 concentration

* Low number of parameters

+ Simplicity of input data
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Stress response functions
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STRSS FACTORS: water, air temperature, soil fertility, soil salinity

Effects of stress are described by stress coefficients Ks, a modifier of its target model
parameter.

0 Above the upper threshold of a stress indicator, the stress is non-existent (Ks = 1)

0 Below the lower threshold of a stress indicator, the effect is maximum (Ks = 0)

rostess 10 1

| Magnitude of the effect
on the process between
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1 - Soil water balance

Considering input and output water fluxes the amount of
water retained in the root zone and the root zone depletion
are calculated

The effect of water stress is described by stress coefficients Ks

Ks = 1 no stress > upper threshold of root zone depletion
Ks = 0 max stress > below threshold of root zone depletion

Processes affected:

- green canopy expansion

- transpiration

- senescence

- harvest index
- root deepening

Dr,

FC PWP

) oot zone depietion
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2 - Green canopy development (CC)
CC express foliage development, is the fraction of soil surface
covered by the green canopy.

Effect of water stress = CGC x Ks,

expw

Max canopy Canopy growth Canopy decline
cover coefficient coefficient
(canopy fully
developed /‘ \

Actual canopy cover
(water stress)
Reference (CCpo)
Canopy development
(optimal conditions)

Canopy cover
(cc)

Initial

canopy
cover (90%
emergence)

®) HENC)
building up of water slmss—»
STRESS

NO STRESS
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3 - Crop transpiration (Tr)
Tris calculated by multiplying the evaporating power of the

atmosphere with crop coefficient (Kcb) and by considering
water stress (Ks):

Tr = Ks (Kcb, x CC*) ETO

[
Transpiration i
Scale
%
cc
Green canopy Thresholds affecting:
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4 — Above ground biomass (B)
WP expresses the above ground dry matter produced per unit
of land per unit of water transpired.

B production can be hampered by low TEMPERATURE stress

B = Ks, WP* 3(Tr/ETO)

T |

Biomass.

‘Aboveground biomass production

Simulated biomass production for canopy
development and crop Tr

Sum(TrETO)

Relation between above ground biomass
and total water transpired for C3 and C4
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Water Productivity
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5 — Partitioning of biomass (B) into yield (Y)
From flowering (or tuber initiation) the HI gradually increases
to reach reference value Hl, at maturity

Y = f, Hip B

fiy is @ multiplier that considers stresses (w, ) that adjust HI.
The adjustment depends on timing and extent of stress

Hiy
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The effect of stress on HI
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HI from flowering to physiological maturity
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o Many variables are defined
for crop stress during
different growth stages

« Soil Water
¢ Temperature
« Soil salinity
o Fertility
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SOIL WATER STRESS

Soil water stress coefficient Direct effect Target model

parameter
Reduces Tr T,

Water logging (aeration stress)

Reduces canopy | CGC and HI
expansion and
might positively
affect HI

oxpw
Canopy expansion
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TEMPERATURE STRESS
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SOIL FERTILITY STRESS

Direct effect Target model

parameter

Soil fertility stress coefficient

Reduces canopy | CC,
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Maximum canopy cover cover
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SOIL SALINITY STRESS

Soil salinity stress coefficient Direct effect Target model
parameter

Ksgare Reduces biomass | Tr

Soil salinity stress coefficient production

Ksee, Reduces canopy | CC,

Maximum canopy cover cover
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Climate Weather data collected at field or from agro-metrological stations

. and air
ol ) “ETo «
R
Rainfall ETo calculator

* CO, concentrations

Crop A Mauna Loa Observatory (Hawaii)
. Calibrated and validated crop characteristics from data bank REQU IREMENT
= Adjust cultivar specific and less conservative parameters
Soil Soil physical characteristics
* Field observations
4— * Default values in data bank <¢—————— soil texture class

* Pedo transfer i < J

Management Field

Field management practices
* Soil fertility level
* Practices that affect the soil water balance

Irrigation management practices

Irrigation . Dy of net

4— * Specification of irrigation events
* Generation of irrigation schedule
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ATMOSPHERE
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Adjusted for:
= water stress
= thermal stress
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Management

Field FIELD MANAGEMENT

+ Soil fertility level(non-limiting; moderate; poor)

« Practices that affect soil water balance (mulching, etc.)

IRRIGATION MANAGEMENT
Irrigation

* Determination of net irrigation requirement
* Specification of irrigation events

* Generation of irrigation schedule
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AquaCrop — Purpose of the tool

0 Predicting crop production under different water-management conditions
(including rain fed conditions and supplementary, deficit and full irrigation)
under present and future climate change conditions

O Investigating different management strategies, under present and future
climate change conditions. Biomass and yield predictions are possible under
global warming and elevated CO,, making the model suitable for climate
change studies

0 Optimising cropping planning and management and developing irrigation
strategies under water deficit conditions
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Output
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Per run 7 type of output files

Seasonal output (summary)

Daily electrical conductivity

Daily Soil Water Content at various soil depths

Daily crop development and production

Water content in soil profile and root zone

Salt balance for soil profile and soil salinity in root zone

Daily soil Water balance
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Chapter 1
FAO cropwater productivity model
to simulate yield response to water

1.1 From the Ky approach to the AquaCrop model

Yield response to water describes the relationship between crop yield and water stress as
a result from insufficient supply of water by rainfall or irrigation during the growing
period. In the FAO Trrigation & Drainage Paper n. 33 (Doorenbos and Kassam, 1979) an
empirical production function is used to asses the yield response to water:

[1—%]:1(}[1—&] (Eq.1.1a)

ET,

where Yy and Y are the maximum and actual yield, (1-Y/Yy) the relative yield decline,
ET; and ET the maximum and actual evapotranspiration, (1- ET/ET,) the relative water
stress, and K the proportionality factor between relative yield decline and relative
reduction in evapotranspiration (Fig. 1.1a).

oltve yeddacina (1-YV)

elae oaporarspiration et (1-ETETY

Figure 1.1a
Relationship between relative yield decline (1-Y/Ym) and relative
evapotranspiration deficit (1-ET/ETc) for the total growing period
for various yield response factor (Ky)
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AquaCrop (Steduto et al., 2007; Raes et al., 2007; Hsiao et al., 2007) evolves from the Ky
approach by separating

(i) the actual evapotranspiration (ET) into soil evaporation (E) and crop transpiration
(Tr):

ET=E+Tr (Eq. 1.1b)

The separation of ET into soil evaporation and crop transpiration avoids the
confounding effect of the non-productive consumptive use of water (soil
evaporation). This is important especially when ground cover is incomplete early
in the season or as the result of sparse planting.

(ii) and (ii) the final yield (Y) into biomass (B) and harvest index (HI):

Y = HI (B) (Eq. 1.1c)

The separation of yield into biomass and harvest index allows the partitioning of
the corresponding functional relations as response to environmental conditions.
These resp are in fact fund. Ily different and their separation avoids the
confounding effects of water stress on B and on HL.

The changes described leads to the following equation at the core of the AquaCrop
growth engine:

B=WP-XTr (Eq. 1.1d)

where Tr is the crop transpiration (in mm) and WP is the water productivity parameter
(kg of biomass per m" and per mm of cumulated water transpired over the time period in
which the biomass is produced). This step-up from Eq. (l.1a) to Eq. (1.1d) has a
f implication for the rot of the model due to the conservative behavior
of WP (Steduto et al., 2007). It is worth noticing, though, that both equations have water
as driving force for growth.
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To be functional, Eq. 1.1d was inserted in a complete set of additional model
components, including: the soil, with its water balance; the crop, with its development,
growth and yield processes; and the atmosphere, with its thermal regime, rainfall,
evaporative demand and carbon dioxide concentration. Additionally, some management
aspects are explicitly considered (e.g., irrigation, fertilization, etc.), as they will affect the
soil water balance, crop development and therefore final yield. AquaCrop can also
simulate crop growth under climate change scenarios (global warming and elevated
carbon dioxide concentration) while pests, diseases, and weeds are not yet considered.
The functional relationships between the different model components are depicted in Fig.
1.1b and described in section 1.2.

CLIMATE

{Leaf expansion] [3, |
CANOPY COVER
Senescence

[ ROOTIDEPTH

Soit

‘ Capiliary Deep
rise percolation
Figure 1.1b
Chart of AquaCrop indicating the main of the soil-plant-

continuum and the parameters driving phenology, canopy cover, transpiration,
biomass production, and final yield. [I, irrigation; T,, minimum airtemperature; T,
maximum air temperature; ET,, reference evapotranspiration; E, soil cvaporatlon'

Tr, canopy transpiration; gs, WP, water pr 3

harvest index; CO,, atmospheric carbon dioxide concentration; (1), (2), (3), (4),
water stress response ions for leaf i

and harvest index, respectively]. Continuous lines indicate direct links between
variables and processes. Dashed lines indicate feedbacks. See section 1.2 for a more

extensive description
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Particular features that distinguishes AquaCrop from other crop models are:

- its focus on water;

- the use of canopy cover instead of leaf area index;

- the use of water productivity (WP) values normalized for atmospheric evaporative
demand and CO; concentration that confer the model an extended extrapolation
capacity to diverse locations, seasons, and climate, including future climate scenarios;

- the relatively low number of parameters;

- input data which requires only explicit and mostly intuitive parameters and variables;

- awell developed user interface;

- its considerable balance between accuracy, simplicity, and robustness;

- its applicability to be used in diverse agricultural systems that Lxlsls world wide.

Although the model is relatively simple, it i the 1

involved in crop productivity and in the responses to water deficits, both from a

physiological and an agronomic perspective.

It is important to realize that several crop models are already available in literature to
simulate yield response to water. They are used mostly by scientists, graduate students,
and advanced users in highly commercial farming. However, it is also important to
recognize that these models present substantial complexity and are rarely used by the
majority of FAO target users, such as extension personnel, water user associations,
consulting engineers, irrigation and farm managers, planners and economists.
Furthermore, these models require an extended number of variables and input parameters
not easily available for the diverse range of crops and sites around the world. Some of
these variables are much more familiar to scientists than to end users (e.g., leaf area index
—LAI- or leaf water potential —y—). Lastly, the insufficient transparency and simplicity
of model structure for the end user were considered strong constraints for their adoption.
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1.2 AquaCrop operation

1.2.1 Calculation scheme
A general calculation scheme of AquaCrop is depicted in Figure 1.2a. With a daily time
step the model simulates successively the following processes:

Soil water balance. The amount of water stored in the root zone is simulated by
accounting for the incoming and outgoing water fluxes at its boundaries. The root
zone depletion determines the magnitude of a set of water stress coefficients (Ks)
affecting: (a) green canopy (CC) expansion, (b) stomatal conductance and hence
transpiration (Tr) per unit CC, (c) canopy senescence and decline, (d) the harvest
index (HI) and (e) the root system deepening rate;

a.
canopy expansion weather data

cc c. »
Canopy . ety . 7
Cover seﬁi'éizr‘fcé e Penman Monteith]
Transpiration it T
Tr = Ks Kcb ET, runoft
W 8 ;
soil
b. stomatal water
cone f ‘Jbalance
Biomass (B) * ﬂ K2

d.
Grenay,, Harvestindex

adjustment tim!

e.
root zone
-“:m,m desp eXPansion
= 00e* rise percolation ¥ "
J
z
rooting

Yield (Y)

Figure 1.2a
Calculation scheme of AquaCrop with indication (dotted arrows) of the processes (a
to e) affected by water stress. CC is the simulated canopy cover, Ccpul the potential
canopy cover, Ks the water stress i Kcb the crop ETo the
reference evapotranspiration, WP* the normalized crop water productivity, and HI
the Harvest Index
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2. Crop development. In the simulation of crop development, the canopy expansion is
separated from the expansion of the root zone. The interdependence between shoot
and root is indirect via water stress. AquaCrop uses canopy cover to describe crop
development. The canopy is a crucial feature of AquaCrop. Through its expansion,
ageing, conductance and senescence, it determines the amount of water transpired
(Tr), which in turns determines the amount of biomass produced (B) and the final
yield (Y). If water stress occurs, the simulated CC will be less than the potential
canopy cover (CCpq) for no stress conditions and the maximum rooting depth might
not be reached (dark shaded areas in Fig. 1.2a);

3. Crop transpiration (Tr). Crop transpiration is obtained by multiplying the evaporating
power of the atmosphere (ET,) with a crop coefficient. The crop coefficient (Kcb) is
proportional to CC and hence continuously adjusted. The evaporating power is
expressed by the reference grass evapotranspiration (ET,) as determined by the FAO
Penman-Monteith equation. If water stress induces stomatal closure, the water stress
coefficient for stomatal conductance (Ks) reduces transpiration accordingly. Green
canopy cover and duration represent the source for transpiration, stomatal

iration intensity;

4. Above ground biomass (B). The cumulative amount of water transpired (Tr)
translates into a proportional amount of biomass produced through the biomass water
productivity (Eq. I.1c). In AquaCrop the water productivity normalized for
atmospheric demand and air CO, concentrations (WP*) is used. It expresses the
strong relationship between photosynthetic CO, assimilation or biomass production
and transpiration independently of the climatic conditions. Beyond the partitioning of
biomass into yield (Step 5), there is no partitioning of above-ground biomass among
various organs. This choice avoids dealing with the complexity and uncertainties
associated with the partitioning processes, which remain among the least understood
and most difficult to model;

5. Partitioning of biomass into yield (Y). Given the simulated above ground biomass
(B), crop yield is obtained with the help of the Harvest Index (Eq. 1.1c). In response
to water and/or temperature stresses, HI is continuously adjusted during yield
formation.
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1.2.2 Step 1 - simulation of the soil water balance

In a schematic way, the root zone can be considered as a reservoir (Fig. 1.2b). By keeping
track of the incoming (rainfall, irrigation and capillary rise) and outgoing (runoff,
evapotranspiration and deep percolation) water fluxes at the boundaries of the root zone,
the amount of water retained in the root zone, and the root zone depletion can be
calculated at any moment of the season by means of a soil water balance.

evapo- irrigation
transpirati rainfall

-
c
3
=

— TAW

(mm)

Wr: stored soil water
(mm)
L
_ N
< = '\f
»J
’7‘
T
Dr : root zone depletion

T
wiling pomt 1 A

\
capillary leep
rise pel rcolanon

Figure 1.2b
The root zone as a reservoir with indication of the fluxes at its boundaries affecting
the water stored in the root zone (Wr) and the root zone depletion (Dr)

To accurately describe surface run-off, water infiltration and retention, water and salt
movement, and to separate soil evaporation from crop transpiration, AquaCrop divides
both the soil profile and time axis into small fractions. The simulations run with a daily
time step (At) and the soil profile is divided into 12 compartments (Az), which size is
adjusted to cover the entire root zone.

The effect of water stress is described by stress coefficients (Ks). Above an upper
threshold of root zone depletion, water stress is non-existent (Ks is 1) and the process is
not affected. Soil water stress starts to affect a particular process when the stored soil
water in the root zone drops below an upper threshold level (Fig. 1.2¢). Below the lower
threshold, the effect is maximum (Ks is 0) and the process is completely halted. Between
the thresholds the shape of the Ks curve determines the magnitude of the effect of soil
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water stress on the process. Since the effect of water stress might differ along the
processes, each process has its own Ks coefficient and threshold values.

Soil water
stress coefficient stored

ield Capacity (FCQ) | _
e

" ‘ i
! oot zone
Lo A .an ] de;alelliun
lDr

v ;envex
.

li .
ineal
Dr‘

0.0 root zone depletion *

FC PWP

TAW
e—

Figure 1.2¢
The water stress coefficient (Ks) for various degrees of root zone depletion (Dr).
TAW is the Total Available soil Water in the root zone which is the difference
between the water content at Field Capacity and Permanent Wilting Point
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1.2.3 Step 2 - simulation of green canopy development (CC)

In stead of leaf area index (LAI) AquaCrop uses green canopy cover (CC) to express

foliage development. CC is the fraction of the soil surface covered by green canopy

cover. Canopy development under optimal conditions is described by only a few crop

parameters which are retrieved from the crop file at the start of the simulation:

- initial canopy cover at 90 % emergence (CC,);

- maximum canopy cover when the canopy is fully developed (CC,);

- canopy growth coefficient (CGC), used to describe the canopy expansion between
cop emergence and full development;

- canopy decline coefficient (CDC), used to describe the declining phase due to leaf
senescence as the crop approaches maturity.

In figure 1.2d, the variation of green canopy cover throughout a crop cycle under non-

stress conditions is represented.

CCA cac
ce, -

[
sowin, 9J%
emergence
‘expansion
Figure 1.2d
Variation of the green canopy cover (CC) throughout the crop cycle under non-stress

conditions. CC, and CC; are the initial and maximum green canopy cover, respectively;
CGC is the green canopy growth coefficient; CDC is the green canopy decline coefficient

The effect of water stress on canopy expansion is simulated by multiplying the Canopy
Growth Coefficient (CGC) with the water stress coefficient for canopy expansion
(Ksexp,w). As root zone depletion increases and drops below the upper threshold, the stress
coefficient becomes smaller than 1 and the canopy expansion starts to be reduced (Fig.
1.2¢). When the lower threshold of root zone depletion is reached, Ksexp.w is zero, and the
process is completely halted. As a result, CC, might not be reached or much later in the
season than described in Fig. 1.2d for non-stressed conditions.

Early canopy senescence is triggered when water stress becomes severe. As a

i the upper tt of root zone depletion for is much lower in
Fig. 1.2¢ and close to permanent wilting point. The degree of senescence is described by
the value of the water stress coefficient for early canopy senescence (Kse,) which
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modifies the canopy decline coefficient (CDC). Due to the induced early canopy
senescence, the crop life might become much shorter than for non-stressed conditions.
The simulation of the green canopy cover (CC) during the building up of water stress
during the crop cycle is presented in Figure 1.2e.

Actual canopy cover
(water stress)
Reference (CCpo)
Canopy development
(optimal conditions)

Canopy cover
(cc)

— bulldlng up of water st

v

Figure 1.2¢
Simulation of the green canopy cover (CC) when water stress builds during the crop
cycle with reference to the canopy development for non stressed conditions (CCpor).
‘With indication of periods (a) no effect of water stress on canopy development; (b)
water stress affecting leaf expansion; (c) water stress triggering early canopy decline

Other stresses considered by Aquacrop affecting CC are:

- air temperature stress. The effect of air on canopy de:

simulated by running AquaCrop in growing degree days (GDD). For the purpose of

GDD calculations, a base temperature (below which crop development does not

progress) and an upper temperature (above which the crop development no longer

increases) are required;

soil salinity stress. Since soil salinity reduces the availability of the water in the root

zone reservoir, the presence of dissolved salts increase the effect of soil water stress.

This is simulated in AquaCrop by moving the thresholds in Fig. 1.2¢ closer to Field

Capacity;

- Mineral nutrient stress. AquaCrop does not simulate nutrient cycles and balance but
provides a set of soil fertility stress coefficients (Ks), to simulate the effect of soil
fertility on the growing capacity of the crop and the maximum canopy cover (CCy)
that can be reached at mid season. A distinction is made between a soil fertility
coefficient for leaf expansion (Ksexpr) which reduces CGC and a soil fertility
coefficient for maximum canopy cover (Ksccx) which reduces CC,. Next to the effect
on leaf expansion and maximum canopy cover, AquaCrop simulates a steady decline
of the canopy cover once CC, is reached (Fig. 1.2f). The average daily decline is
given by a decline factor (fepectine)-
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Green canopy cover

(b)
Growing cycle (days)

Figure 1.2
Green canopy cover (CC) for unlimited (light shaded area) and limited (dark
shaded area) soil fertility with indication of the processes resulting in (a) a less dense
canopy cover, (b) a slower canopy development, and (c) a steady decline of CC once
the maximum canopy cover is reached

1.2.4 Step 3 — simulation of crop transpiration (Tr)
Crop transpiration (Tr) is calculated by multiplying the evaporating power of the
atmosphere with the crop coefficient (Kcb) and by considering water stresses (Ks):

Tr = Ks (Keb, CC*) ETo (Eq. 1.22)
where the evaporating power (ET,) is expressed by the gras: ion
as determined by the FAO Penman-Monteith equation. The crop transpiration coefficient
(Kcb) is proportional to the fractional canopy cover (CC) and as such continuously
adjusted to the simulated canopy development. The proportional factor (Kcb,) integrates
all the effects of characteristics that distinguish the crop transpiration from the grass
reference surface. As the crop develops, Kcby is adjusted for ageing and senescence
effects. In Eq. 1.2a, CC is replaced by CC" to account for interrow microadvection which
make extra energy available for crop transpiration. When canopy cover is not complete
the contribution is substantial (Fig. 1.2g).

Either a shortage or an excess of water in the root zone might reduce crop transpiration.
This is simulated by considering water stress coefficients (Ks). When water shortage in
the root zone provokes stomatal closure a stress coefficient for stomatal closure (Ksqo) is
considered. When the excess of water results in anaerobic conditions, the effect of stress
on transpiration is expressed by the coefficient for water logging (Ks.). According to the
general rule in AquaCrop, the water stress coefficients range between 1, when water
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stress is non-existent and 0, when the stress is at its full strength and crop transpiration is
letely halted. The simulation of crop iration affected by water stress during
the crop cycle is presented in Figure 1.2h.

adjusted canopy cover (CC*)

T T
0 02 04 06 08 1
Canopy cover (CC)
Figure 1.2g
Canopy cover (CC') adjusted for micro-advective effects (bold line)
for various fractions of green canopy cover (CC)

70 ey

Tr

Figure 1.2h
Simulated root zone depletion (Dr), green canopy cover (CC) and crop transpiration
(Tr) throughout the crop cycle with indication of the soil water thresholds affecting
canopy development (Th1), inducing stomata closure (Th2), and triggering early
canopy senescence (Th3)
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1.2.5 Step 4 — simulation of the ab ground bi B)

The crop water productivity (WP) expresses the aboveground dry matter (g or kg)
produced per unit land area (m® or ha) per unit of water transpired (mm). Many
experiments have shown that the relationship between biomass produced and water
consumed by a given species is highly linear for a given climatic condition (Eq. 1.1d).

To correct for the effect of the climatic conditions, AquaCrop uses the normalized water

productivity (WP") for the simulation of aboveground biomass. The goal of the

normalization is to make WP applicable to diverse location and seasons, including future
climate scenarios. The normalization consists in a normalizing for:

- the atmospheric CO, concentration. The normalization for CO, consists in
considering the crop water productivity for an atmospheric CO, concentration of
369.41 ppm (parts per million by volume). The reference value of 369.41 is the
average atmospheric CO; concentration for the year 2000 measured at Mauna Loa
Observatory in Hawaii (USA);

- the evaporative demand of the atmosphere. The normalization for climate is obtained
by dividing the daily amount of water transpired (Tr) with the reference
evapotranspiration (ET,) for that day:

After normalization, recent findings indicate that crops can be grouped in classes having

a similar WP", which are depicted in Fig. 1.2i. Distinction can be made between C4 crops

with a WP of about 30 to 35 g/m2 (or 0.30 to 0.35 ton per ha) and C3 crops with a WP*

of about 15 to 20 g/m2 (or 0.15 to 0.20 ton per ha).

& 5
N
A
& &
¢
L o/ . 3
| &
\Eg\“‘l
o 1 W

Aboveground biomass production

Sum(Tr/ET0)
Figure 1.2h

The relationship between the aboveground biomass and the total amount of water
transpired for C3 and C4 crops after normalization for CO; and ET,
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The aboveground biomass production for every day of the crop cycle is obtained by
multiplying the WP* with the ratio of crop transpiration to the reference
evapotranspiration for that day (Tr/ET,). The production of biomass might be hampered
when the air p e is too cool irrespectively of the spiration rate and ETo on
that day. This is simulated in AquaCrop by considering a temperature stress coefficient
(Ksp):

o5 I y
B=Ks, WP Z o, (Eq. 1.2b)
If the growing degrees generated in a day drops below an upper threshold, full conversion
of transpiration to biomass production can no longer be achieved and Ks;, becomes
smaller than 1 and might even reach zero when it becomes too cold to generate any
growing degrees. The simulated biomass production throughout the crop cycle for the
canopy development and crop transpiration in Fig. 1.2h is presented in Figure 1.2j.

\‘2 ton/ha ‘
Biomass

tine (day) | 2 4 & £ 100 120
L T i

Figure 1.2j
Simulated biomass production throughout the crop cycle for the canopy
and crop tr: irati d in Fig. 1.2g

During the simulation, the normalized WP" might be adjusted to consider:

- atmospheric CO; concentration different from its 369.41 ppm reference value (i.e. the
concentration for the year 2000 at Mauna Loa Observatory in Hawaii). This is
simulated by multiplying WP* with a correction factor. The correction factor is larger
than 1 for CO; concentrations above 369.41 ppm, and smaller than 1 for CO,
concentrations below the reference value;

the type of products that are synthesized during yield formation. If they are rich in
lipids or proteins, considerable more energy per unit dry weight is required then for
the synthesis of carbohydrates. As a consequence, the water productivity during yield
formation needs to be reduced. This is simulated by multiplying WP* with a
reduction coefficient for the products synthesized;

limited soil fertility. Since soil fertility stress might decrease the crop water
productivity, the effect of stress is simulated with the help of the soil fertility stress
coefficient for crop water productivity (Kswp) which varies between 1 and 0. As long
as soil fertility does not affect the process, Kswp is 1 and WP* is not adjusted.
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1.2.6 Step 5 - partitioning of biomass (B) into yield (Y)

Starting from flowering or tuber initiation the Harvest Index (HI) gradually increases to
reach its reference value (HI,) at physiological maturity (Fig. 1.2k). A too short
grain/fruit filling stage or tuber formation stage as a result of early canopy senescence
might result in i photosy sis and a ion of the reft Harvest Index.
For leafy vegetable crops HI builds up right after germination and reaches quickly HI,.

70

60 -
s0Hh

D e e

B0 - L]

Harvest Index (%)

R i

T
time (days after anthesis)
lag phase linear increase of HI

g

owsring yield formation phy siologial
(start yield formation) matry

Figure 1.2k
Building up of Harvest Index from flowering till physiological maturity
for fruit and grain producing crops

Yield (Y) is obtained by multiplying the above ground biomass (B) with the adjusted
reference Harvest Index:

Y=fyHl,B (Eq. 1.2¢)

where fy is a multiplier which considers the stresses that adjust the Harvest Index from
its reference value. The adjustment of the Harvest Index to water deficits and air
temperature depends on the timing and extent of stress during the crop cycle. The effect
of stress on the Harvest Index can be positive or negative. Distinction is made between
stresses before the start of the yield formation, during flowering which might affect
pollination, and during yield formation.
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1.3 Input requirement

AquaCrop uses a relative small number of explicit parameters and largely intuitive input
variables, either widely used or requiring simple methods for their determination. Input
consists of weather data, crop and soil characteristics, and management practices that
define the environment in which the crop will develop (Fig. 1.3). The inputs are stored in
climate, crop, soil and management files and can be easily adjusted through the user
interface.

Climate Weather data collected at field or from agro-metrological stations

g * Minimum and Maximum air temperature
*ETo ¢
! * Rainfall

ETo calculator
* CO, concentrations

Crop A Mauna Loa Ol y (i i)

o ‘—Ecalibrated and validated crop characteristics from data bank
~~

Adjust cultivar specific and less conservative parameters

Soil Soil physical characteristics
* Field observations
. 4— * Default values in data bank <¢——————— soil texture class
* Pedo transfer functions 4—‘

M "
anagement Field Field management practices

§— | ° Soilfertty evel
* Practices that affect the soil water balance

Irrigation management practices

Irrigation * Determi of net irrigation
4— * Specification of irrigation events
* Generation of irrigation schedule
Figure 1.3

Input data defining the environment in which the crop will develop.

1.3.1 Weather data

For each day of the simulation period, AquaCrop requires minimum (T,) and maximum
(T,) air temperature, reference evapotranspiration (ET,) as a measure of the evaporative
demand of the atmosphere, and rainfall. Additional the mean annual CO, concentration
has to be known. Temperature affects crop development (phenology), and when limiting,
growth and biomass accumulation. Rainfall and ET, are determinants for the water
balance of the root zone and air CO, concentration affects crop water productivity.
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ET, is derived from weather station data by means of the FAO Penman-Monteith
equation (as defined in the Irrigation and Drainage Paper N° 56). An ETo calculator is
available for that purpose. The calculator, which is public domain software, can be
downloaded from the FAO website. The climatic data can be given in a wide variety of
units, and are available in the calcul to estimate missing climatic data.

The daily, 10-daily or monthly air temperature, ET, and rainfall data for the specific
environment are stored in climate files from where the program retrieves data at run time.
In the absence of daily weather data, the program invokes built-in approximation
procedures to derive daily temperature, ET, and rainfall from the 10-daily or monthly
means. For rainfall, with its extremely heterogeneous distribution over time, the use of
10-daily or monthly total rainfall data might reduce the accuracy of the simulations.

Additionally, an historical time series of mean annual atmospheric CO, concentrations
measured at Mauna Loa Observatory in Hawaii, as well as the expected concentrations
for the near future are provided in AquaCrop. The data is used to adjust the WP* to the
CO; concentration of the year for which the simulation is running. The user can enter
other future year’s CO; for prospective analysis of climate change.

1.3.2  Crop characteristics

Although grounded on basic and complex biophysical processes, AquaCrop uses a

relative small number of crop parameters describing the crop characteristics. FAO has

calibrated crop parameters for major agriculture crops, and provides them as default
values in the model. When selecting a crop its crop parameters are downloaded.

Distinction is made between conservative, cultivar specific and less conservative

parameters:

- The conservative crop parameters do not change materially with time, management
practices, or geographical location. They were calibrated with data of the crop grown
under favourable and non-limiting conditions and remain applicable for stress
conditions via their modulation by stress response functions. As such the conservative
parameters require no adjustment to the local conditions and can be used as such in
the simulations;

- The cultivar specific crop parameters might require an adjustment when selecting a
cultivar different from the one considered for crop calibration. Less-conservative crop
parameters are affected by field management, conditions in the soil profile, or the
weather (especially when simulating in calendar day mode). These parameters might
require an adjustment after downloading to account for the local variety and or local
environmental conditions.

When a crop is not available in the data bank, a crop file can be created by specifying
only the type of crop (fruit or grain producing crops; root and tuber crops; leafy
vegetables, or forage crops) and the length of its growth cycle. On the basis of this
information AquaCrop provides defaults or sample values for all required parameters. In
the absence of more specific information these values can be used. Through the user
interface the defaults can be adjusted.

Reference Manual, Chapter 1 — AquaCrop, Version 3. 1plus January 2011 1-17

1.3.3  Soil characteristics

The soil profile can be composed of up to five different horizons of variable depth, each
with their own physical characteristics. The considered hydraulic characteristics are the
hydraulic conductivity at saturation (Ky,) and the soil water content at saturation (Byy),
field capacity (Ogc), and at permanent wilting point (Opwp). The user can make use of the
indicative values provided by AquaCrop for various soil texture classes, or import locally
determined or derived data from soil texture with the help of pedo-transfer functions. If a
layer blocks the root zone expansion, its depth in the soil profile has to be specified as
well.

1.3.4 Management practices

Management practices are divided into two categories: field management and irrigation

management practices:

- Under field management practices are choices of soil fertility levels, and practices
that affect the soil water balance such as mulching to reduce soil evaporation, soil
bunds to store water on the field, and tillage practices such as soil ridging or contours
reducing run-off of rain water. The fertility levels range from non-limiting to poor,
with effects on WP, on the rate of canopy growth, on the maximum canopy cover, and
on senescence;

- Under irrigation management the user chooses whether the crop is rainfed or
irrigated. If irrigated, the user can select the application method (sprinkler, drip, or
surface), the fraction of surface wetted, and specify for each irrigation event, the
irrigation water quality, the timing and the applied irrigation amount. There are also
options to asses the net irrigation requirement and to generate irrigation schedules
based on specified time and depth criteria. Since the criteria might change during the
season, the program provides the means to test deficit irrigation strategies by applying
chosen amounts of water at various stages of crop development.
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1.4 Applications

AquaCrop can be used as a planning tool or to assist in management decisions for both
irrigated and rainfed agriculture. The model is particular useful:

to develop irrigation strategies under water deficit conditions;

to study the effect on crop yield of location, soil type, sowing date,
to study the effect on crop yield of various land management techniques;

to compare the attainable against actual yields in a field, farm, or a region, to identify
the constraints limiting crop production and water productivity (benchmarking tool);
to predict climate change impacts on crop production

for scenario simulations and for planning purposes for use by economists, water
administrators and managers.
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2.1 The AquaCrop en

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

From the Main menu the user has access to a whole set of menus where input data is
displayed and can be updated. Input consists of weather data, crop, irrigation and field

soil and d characteristics that define the environment in which
the crop will develop. Also the sowing or planting day, the simulation period and
conditions at the start of the simulation period are input. If the simulation period does not
fully coincide with the growing cycle of the crop, off-season conditions valid outside the
growing period can be specified as well as input.

Before running a simulation, the user specifies in the Main menu the sowing date, the
simulation period and the appropriate environmental, initial and off-season conditions.
Input can be retrieved from input files. In the absence of input files, default settings are
assumed (see 2.3 Default settings at start). The user can also select a project file
containing all the required information for that run, and a field data file with
measurements to assess simulation results.

‘When running a simulation the user can in the Simulation run menu track changes in soil
water and salt content, and the corresponding changes in crop development, soil
evaporation and transpiration rate, biomass production, yield development and water
productivity. Simulation results are stored in output files and the data can be retrieved in
spread sheet programs for further processing and analysis.

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

settings in AquaCrop. With the <Reset> command in the Program Settings menus,
settings can be reset to their default.
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2.2 Main menu

B8 Main menu [ g =]
Environment and Crop
limate

Cimate. ey Specity cimatiodaa when Furving AdusCion

Giowing cycle: Day 1 after sowing: 22 March - Matuiy: 24 July

- o | PEPAITCAD  ageneiccon
Inigation ]—W Rainfed cropping

lore) No specifcfeld management

Management

{DEFAULT.SOL  Deeploamy sol

{fione] 0 shalow goundater table

From: 22March - To: 24 July

|—Simaion period frkedi o cropping period

Project—— - Fuect fione)  Nospeaific project
Field dm_iﬂ_ Fiekd data fMone] No feld observations

@ Exit Proge

Figure 2.2
Main menu of AquaCrop

The Main Menu consists of 3 panels where the names and descriptions of the selected
input files are displayed (Figure 2.2):
A. Environment panel: where the user:

(1) selects or creates Climate (Temperature, ETo, Rain, CO,), Crop, Management
(Irrigation and Field), Soil profile and Groundwater files and updates 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 initial conditions for a simulation run,
and (iii) the off-season conditions when the simulation period exceeds the
growing period;

(4) runs a simulation for the specified envil period and

C. Project and Field data panel: where projects and field data files can be selected,
created or updated.
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2.3 Default settings at start

2.3.1 Selected input

‘When AquaCrop is launched it selects a default crop and soil file. No other files (files are
‘(None)’) are selected. In the absence of climate, irrigation management, field
management, groundwater, initial and off-season conditions files, the default settings are
assumed (Tab. 2.3).

Table 2.3. Default settings assumed at the start of AquaCrop or after undoing the

of a project

Environmen | File Remarks

t

Climate (None) | A default minimum and maximum air temperature (see
Climate), an ETo of 5 mm/day, no rainfall and an average
atmospheric CO, concentration of 369.47 ppm are assumed
throughout the growing cycle. When running a simulation
without a climate file, the user has still the option to specify
other than the default ETo and rainfall data. This climatic data
can be specified for each day of the simulation period in the
Input panel of the Sii ion run menu

Crop Default | Generic crop data

Irrigation (None) | Rainfed cropping is assumed. When running a simulation in

management this mode, irrigation can still be scheduled. The quality of the
irrigation water and the irrigation application amount can be
specified for each day of the simulation period in the Input
panel of the Sii ion run menu

Field (None) No specific field management conditions are considered. It is

management assumed that soil fertility is unlimited, and that field surface
practices does not affect soil evaporation or surface run-off

Soil Default | Deep loamy soil

Groundwater | (None) Absence of a shallow groundwater table

Simulation | File Remarks

Period The simulation period covers the growing cycle completely

Initial (None) At the start of the simulation it is assumed that in the soil

conditions profile (i) the soil water content is at field capacity and (ii)
salts are absent

Off-season (None) No specific field ditions are sidered

conditions outside the growing period. When running a simulation there
are no irrigation events and mulches does not cover the field
surface in the off-season

Project/ File Remarks

Field data

Project (None)

Field data (None)
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The default input can be altered by selecting input files (see 2.4), by updating the default
settings in the corresponding menus or by altering the characteristics retrieved from the
input files (see 2.5), or by creating input files (see 2.6).

2.3.2 Program settings
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2.4 Selecting input files and g the selection

By means of the <Select/Create> commands in the Main menu the user has access to
data bases where the input files are stored (Fig. 2.4). The default data base is the DATA
subdirectory of the AquaCrop folder. With the <Path> command the user can specify
other directories.

B8 Moin menu
Environment and Crop
e
e
= SELEGT fie from Data Base
Management -‘3—”
T o b ceecmeens
|
L ot ik il n et st
soi
Solpote Fietane oo E]
Tl [Cose oo e DeeTo Dby Uyl ot
B convne e R0
ooiecu o Callria Lin 1051595 Gty Uil Cfria
—_— = o ol D08ty Gvop o i
Simulation — _ smsimpeiod |—Smusonpeios [ st Gl
_— arencli o st 8
T oo, Vi P ST0eT35 it by st s
L 0O '—:mu:wrmc o CL o 4-Dal
B e
Project—— = fuet ore] 2 Voo
Field data |~ rogsse (ol 5*‘“’"‘
l“““"” CL Delete selected file
@ Ex

> Display/Update Climatic data
(T

Figure 2.4
Access to the Select climate file menu where input files can be selected from the data
base and where the selection can be undone with the <UNDO selection> command

2.4.1 Selecting a file

By clicking on the <Select> command in the Main menu, a list of the relevant input files
available in the selected directory is displayed in one of the Select file menus (Fig. 2.4).
An input file is selected by clicking on its name in the list.

2.4.2 Undo the selection

‘When a climate, irrigation, field , initial ditions, off-season
conditions, field data, or a project file has been selected, an option is available to undo
the selection and to return to the default settings (see 2.3). This is achieved by clicking on
the <UNDO selection> command in the Select file menu (Fig. 2.4).
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2.5 Displaying and updating input characteristics

2.5.1 Displaying input data

From the Main menu the user has access to a whole set of menus where input data are
displayed (Fig. 2.5a). This is done by clicking on the file name or the corresponding icon
in the Main menu.

menu o)
Environment and Crop
Climate

Ei_p Display of climate characteristics menu

%» Display of crop characteristics menu

—» Display of irrigation management menu

—p Display of field menu
S _» Display of soil profile characteristics menu
= i~ Display g table istics menu
period menu
Display of initial conditions menu
Display of off- itions menu

= Display of project characteristics menu

Project
Field data % Display of field data menu

@ Exit Program

Figure 2.5a
By clicking on the Icons (or file names) in the Main menu
the specified input data is displayed in a set of Display menus
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2.5.2 Updating input data

From the Main menu the user has access to a set of menus where input data can be
updated (Fig. 2.5b). This is done by first opening the access to the data base (click on the
appropriate command in the Main menu) and by subsequently selecting the
<Display/Update characteristics> command. In the menus the data can be updated and
saved as default settings or in input files when returning to the Main menu (see 2.7 to
exit and close a menu).

B8 roin

Emnvimnmeni and Crop ‘
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l

Crop.

Management

o =lalx|
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%_[.’ Irrigation schedule
L R—

Moco | liston st Wigsinvns |

Simulation —  Simuston peiod }—smm
- -
) it ||| [ L4 [T o
Sy I
| =
e o
- — T ) 5
Project—— [~ poi |
; T [E s a 0
Field data —§ »; Feld data '—iumn FRRETTY ) T} = 5
T o x @ o
T (o % | w o
o w @ o
oo || [ rovwrnE % | @ o
P e || [0 ot w | @ o
ot
[ xome £ Mo Mo Bones

Figure 2.5b
Access to the Irrigation management menu
where the displayed input data can be updated

In the Menu reference of this Chapter the Display/Update menus are described (sections
2.8102.20).
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2.6 Creating input files
2.6.1 The save on disk command

After updating the characteristics in one of the menus (see 2.5.2), an input file (if not yet
available) is created by selecting the <Save on disk> command (Figure 2.6a).

Create anew file

@ 4
|

Select menu

List of files

Select/Create a file [ pamh |

Display/Update characteristics

Create a new file

Figure 2.6a
Options available to create input files by means of the user interface

2.6.2 The save as command
If the displayed data in the characteristic menu was retrieved from an input file (Fig.
2.5b), a copy of the file will be created by clicking on the <Save as> command. This
option allows the user to create various copies of a dataset which may differ only in one
particular setting. This might be useful for the analysis of one or another effect on crop
development or water productivity.

Reference Manual, Chapter 2 — AquaCrop, Version 4.0 June 2012 2-9




2.6.3 Create file

Create file menus are available to create input files for new climate, crop, irrigation
management, soil profile, groundwater, field data or project data. The Create file menus
becomes available by selecting the <Create file> command in the Select file menu (Fig.
2.6a).

= Create climate file
Creating a climate file consists in selecting or creating a Temperature file, ETo file, Rain
file and CO; file (Fig. 2.6b)

(M creotecimatenie =lolx|
File Name - oo

Description

Selected Temperature, ETo. Rain and CO2 file

File Name Descipton
C Temp[ione) [Defeuit temperature data: Trin =120 and T
At [fionr [Eecy o dae e Purring A
& Rein [l [Eoecty o dote v Purrin
Logy [Foreoto [Deta simorghere Co2 concentaon o 1502 0 2059

g

|
[ Create new Rain e

@ Selctiiefom R DataBse

| xcaen T
Figure 2.6b

Create climate file menu

= Create ETo, Rain or Temperature file

When creating an ETo, Rain or Temperature file, the user has to specify the type of data
(daily, 10-daily or monthly data), the time range and the data. Existing climatic data can
be also pasted in an ETo, Rain, or Temperature file as long as the structure of the file is
respected (see 2.21.2 Temperature, ETo and Rainfall files).
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= Create crop file

‘When creating a crop file, the user selects the type of crop (Fruit/Grain producing crops,
Leafy vegetable crops, Roots and tubers, or Forage crops) and specifies a few parameters
(Fig. 2.6¢). With the help of this information AquaCrop generates the complete set of
required crop parameters. The parameters are displayed and the values can be adjusted in
the Crop characteristics menu (see 2.9).

o
File Name [ -[cro
Description |
Crop Type
AL
s N
Y-
~AR NN
~A M
Planting method

 Sowing
€ Transplanting

\Fon[22 ] May ]| 1979 .oy atersoning

To...18 Octobes 1979 .. ctop maturty

Cropping period...

Length of growin e
R T i

Figure 2.6¢
Create crop file menu

= Create irrigation file

When creating an irrigation file, the type of file has first to be selected:
1. Net irrigation water requirement;

2. Irrigation schedule; or

3. Generation of irrigation schedule.

Subsequently the user specifies the required information:
the allowable depletion when determining the net irrigation requirement;
2. the time, application depth and the irrigation water quality of the successive irrigation

events; or

3. the irrigation water quality, and the time and depth criteria to generate irrigation
events.
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= Create soil profile file
When creating a soil profile file, the user has to specify only a few characteristics (Fig.
2.6d). With the help of this information AquaCrop generates the complete set of soil

profile p The p are disp! and the values can be adjusted in the
Soil profile characteristics menu (see 2.13).

ol
File - [soL
Description :

Number of Soil horizons I~

Soil type Thickness

Spesiy SoiType. = [150 meter
Click OR <<ENTER>> to select

Soi Type.

and
loamy sand
I Soil layer inhibiting ro0t 20

sandy loam
oam
it loam

sandy clay loam

clay loam
sty cloy loam

sandy clay

Figure 2.6d
Create soil profile file menu

= Create groundwater file

‘When creating a groundwater file, the type of file has first to be selected:

1. Constant depth and water quality; or

2. Variable depth or water quality.

Subsequently the user specifies the depth and quality of the groundwater table for various
moments (if variable) in the season in the Groundwater characteristics menu (see 2.14)
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= Create project file

‘When creating a project file, the type of file has first to be selected (Fig. 2.18b):
1. Single simulation run;

2. Successive years (multiple runs); or

3. Crop rotation (multiple runs).

Subsequently the user specifies the climate file, crop(s) file, irrigation and field
management file, soil file, and selects the sowing or planting date(s), the simulation
period and the corresponding initial and off-season conditions (see 2.18.2 Selecting and
creating a project). The characteristics can be updated in the Project Characteristics
menu (see 2.18.3 Updating project characteristics).

= Create field data file

‘When creating a field data file, the user specifies the experimental determined green
canopy cover (CC), and/or the dry above-ground biomass (B), and/or the soil water
content (SWC) observed in the field at particular dates in the Field Data menu (see 2.19).
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2.7 To exit and close a menu

Commands to exit a menu are available in the control panel at the bottom of each menu

(Fig. 2.7). On exit, the window will be closed and the control is returned to the Main

menu. The exit mode is determined by the selected command. The following options to

exit a menu are generally available:

— <Cancel> All changes made to the input displayed in the menu are disregarded when
returning to the Main menu;

— <Return to Main menu> Before returning to the Main menu, the program checks if
data was changed or settings were altered in the menu. The changes will be saved if
the user confirms to save the changes;

— <Save on disk> When data was not retrieved from an input file but consists of an
update of the default settings, the user can select this option to save the data on disk
before returning to the Main menu;

— <Save as> When data was retrieved from an input file, the user can select this option
to save the data in a different file from which it was retrieved before returning to the
Main menu.

By clicking on the “X” symbol at the upper right corner of a menu, the window is closed
as well. This option is however not recommended since the exit mode cannot be
specified.

Retrieve data
from file

Display data in menu \

Save changes ?

(3] o]

Figure 2.7
Options to exit and close a menu

Menu reference

Hierarchical structure of the menus
Main Menu

Environment panel

= Climate

Display of climate characteristics

—» Create climate file

Select temperature file
Create temperature file
Select ETo file
Create ETo file
Select rain file
Create rain file
Select CO2 file

Select climate file

Set Path

Select/Create Climate file
Display/Update Climate characteristics

Climatic data

Select rain file
Display/Update Rainfall data

L--> Plot rain data
Program settings: 10-day or Monthly rainfall
Select ETo file
Display/Update ETo data

L--> Plot ETo data
Select temperature file
Display/Update Temperature data

L--> Plot temperature data
Program settings: Temperature parameters.
Select CO2 file

HIEH

Display of crop characteristics

[ Create cropfle

Select crop file

Select/Create Crop file
Display/Update Crop characteristics

Set Path

Crop characteristics

Estimate plant density
Adjustment of Harvest Index
Calibration soil fertility/salinity stress
Generate start growing cycle Program settings: Crop parameters

Select criterion

Onset based on rainfall or air temp.
Onset: next occurrences
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Environment panel (continued) Envir panel ( i d)
= Management =Soil

- irrigation management

Irrigation

Display of irrigation management

Create irrigation file (net irrigation requir.)
Create irrigation file (irrigation schedule)
Create irrigation file (generation of schedule)

Select irrigation file

Select/Create Irrigation file
Display/Update Irrigation management.

Irrigation management

- field management

Display of field management

Select field file

Set Path

Field

Program settings: Field parameters
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'

- soil profile

Display of soil profile

— Create soil file

Select soil file

Set Path

Select/Create Soilfile
Display/Update Soil characteristics

Soil profile characteristics
List characteristics of soil types

Management sail type characteristics
Program settings: Soil parameters

- groundwater

Display groundwater

Create groundwater file (Constant)
Create groundwater file (Variable)

elect groundwater file
Set Path

Select/Create Groundwater file.
Display/Update Groundwater

Groundwater characteristics
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Main menu

Simulation panel

Display of simulation period

u m Simulation period

Display of initial conditions

Select file with initial conditions

Set Path

Initial conditions

Program settings: Simulation run parameters

Display of off-season conditions

Select file with off-season conditions

Set Path
Off-season conditions
Simulation run
> Numerical output
—> Output files
Set Path

[—» Irrigation events

{—» Display of program settings

L— Evaluation of simulation results
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Main Menu

Project/Field data panel

T Display of project characteristics
> Create project (single run)

/ [~ Create projects (multiple runs)
- successive years

[~ Create projects (multiple runs)
- crop rotation
Select crop file
Select irrigation file
Select field management file
Select soil profile file
Select groundwater file
Select file with initial conditions
Select file with off-season conditions

m Set Path

Select project file

tect/Create Project file l E'_. Set Path *

Display of climate characteristics
Display of crop characteristics

Select crop file

Display of irrigation management
Select irrigation file

Display of field management

Select field management file

Display of soil profile characteristics
Select soil profile file

Display groundwater characteristics
Select groundwater file

Display of simulation period

Display of initial conditions

Select file with initial conditions
Display of off-season conditions
Select file with off-season conditions
Program settings: Crop parameters
Program settings: Field parameters
Program settings: Run-off parameters
Program settings: Temperature parameters

HEUHHTTT
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Display field data

Create field data file

elect field data file
Set Path

Select/Create Field data file

Field data
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2.8 Climatic data

For each day of the simulation period, AquaCrop requires minimum and maximum air

p evap iration (ET,), rainfall and the mean annual
atmospheric CO, concentration. The climatic data are retrieved from files containing
daily, 10-daily or monthly data. The selected climatic data can be displayed in the
Display of climate characteristics menu and updated in the Climatic data menu (Fig.

otic data ol
Descipton | Raréal | ETo | Temporshue | Atmoscheis C02 concentien |

Fro [ U
Description
[Tore (arvin) srmre dta
Fls
Raintall [USETS02PLY | Da arial o Jan 197810 31 May 2002
€T TWHETS  Mea10:a data T [Tuniial
| Tomporature TUNISTHP | mean mervny datafor Tuns (Funsia)
| c02 Mandostoz Detauk amosghsi C02 carcarinyion iom 150210 208

‘ X Carcsl ¥z Main Henu e savens

Figure 2.8
Climatic data menu

2.8.1 Minimum and maximum air temperature

Temperature data are used to calculate growing degree day, which determines crop
development and phenology (see 2.9.2), and also for making adjustment in biomass
production during damaging cold periods (see 2.9.8). In the absence of daily data, the
input may also consists of 10-day or monthly data and the program uses an interpolation
procedure to obtain daily temperature from the 10-day or monthly means.

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

2.8.2 Reference evapotranspiration (ETo)

The reference evapotranspiration, denoted as ETo, is used in AquaCrop as a measure of
evaporative demand of the ati hy It is the ev: anspiration rate from a reft
surface, not short of water. A large uniform grass (or alfalfa) field is considered
worldwide as the reference surface. The reference crop completely covers the soil, is kept
short, well watered and is actively growing under optimal agronomic conditions.

ETo can be derived from weather station data by means of the FAO Penman-Monteith
equation, and an ETo calculator is available for that purpose (Box 2.8). In the calculator,
the data from a weather station can be specified in a wide variety of units, meteorological
data can be imported, procedures are available to estimate missing climatic data and the
calculated ETo can be exported to AquaCrop.

Box 2.8.
The ETo Calculator (Land and water Digital Media Service N° 36, FAO, 2009).

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

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

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

Fax: (+39) 06 570 56275

web page: http://www.fao.org/nr/water/ETo.html

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

2.8.3 Rainfall

The rainfall is the amount of water collected in rain gauges installed on the field or
recorded at a nearby weather station. For rainfall, with its extremely heterogeneous
distribution over time, the use of long-term mean data is not recommended. In case no
daily rainfall data is available, 10-day and monthly data can be used as input.
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2.8.4 Mean annual atmospheric CO,

AgquaCrop considers 369.47 parts per million by volume as the reference. It is the average
atmospheric CO2 concentration for the year 2000 measured at Mauna Loa Observatory in
Hawaii. Other CO2 concentrations will alter canopy expansion and crop water
productivity (Chapter 3). AquaCrop uses as default the data from the MaunaLoa.CO2
(stored in the SIMUL subdirectory) which contains the mean annual atmospheric CO2
concentration measured at Mauna Loa Observatory since 1958. For earlier years data
obtained from firn and ice samples close to the coast of Antarctica' are used, and for
future estimates an increase of 2.0 ppm is assumed (following Pieter Hans (NOAA) -
personal communication, December 2007). Other CO2 files, containing data from
alternative sources, can be selected in AquaCrop. When creating CO2 files it is important
to respect the file structure (see 2.19.3).

2.8.5 Program settings

From the Climatic data menu the user has access to the program settings listed in Table
2.8. Distinction is made in program settings for 10-day or monthly rainfall, and for
Temperature parameters.

Table 2.8
Program settings for temperature parameters and for procedures when simulating
with 10-day or monthly rainfall data

Symbol | Program parameter Default
Temperature parameters
* Method to estimate growing degree days (see Chapter 3) Method 3
= Default minimum (T,) and maximum (T) air temperature T,=12°C
in the absence of a temperature file T,=28°C

10-day or monthly rainfall

Procedures to estimate effective rainfall, surface runoff and
soil evaporation when rainfall data consists of 10-day or
monthly totals (see Chapter 3)

= Effective rainfall: calculation procedure USDA-SCS
= Effective rainfall: percentage (fraction of rainfall) 70
= Surface runoff: showers per 10-day 2
* Soil evaporation: root number 5

! David Etheridge et al. (1996), J. Geophys. Research vol. 101, 4115-4128
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2.9 Crop characteristics

The crop characteristics required by the program can be displayed in the Display of crop

characteristics menu and updated in the Crop characteristics menu (Fig 2.9a). The

number and type of crop parameters vary slightly with the crop types selected when

creating a new crop in AquaCrop (see 2.6.3). Distinction is made between

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

— leafy vegetable crops (where flowering information is not considered and the Harvest
Index builds up starting from germination);

— root and tuber crops (with a yield formation period, starting at tuber formation or root
enlargement, during which the Harvest Index builds up);

— forage crops (crops undergoing cutting more than once a year possibly causing some
of the crop characteristics to be altered after a cutting).

ioi

Response to stiesses ————
Desciption | Development | ET | Production | Water | Temperatuse | Sainty | Biomass | Calendar |
Display crop parameters

© Limited set

< [Full set

Alicrop parameters

Filedascrpion | Type of edi fields (cel) |

File Name : [DEFAULT 0 ~

Crop Type : Fruit/Grain producing crop

30D

D

= gonerc crop

I X Cancel | $§} Program settings > Main Menu I saveas

Figure 2.9a
First page of the Crop characteristics menu
showing the two options for the display mode
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The crop characteristics are grouped in 9 different folders (tab sheets):

— Description
- File description
- Type of edit fields (cells)
- Protected file (if applicable)

— Development
- Initial canopy cover
- Canopy development
- Flowering and yield formation
- Root deepening
- Temperatures

- ET
- Coefficients
- Water extraction pattern

— Production
- Crop water productivity 7 Folders (tab sheets)
- Harvest Index displaying crop characteristics

— Water stress

- Canopy expansion

- Stomatal closure

- Early canopy senescence

- Aeration stress

- Harvest Index
o Before flowering
o During flowering
o During yield formation
o Overview

— Temperature stress
- Biomass production
- Pollination

—  Salinity stress

— Biomass - stress
- Canopy
- Water productivity
- Transpiration
- Biomass
- Biomass — stress relationship
- Kscurves

- Crop

— Calendar
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2.9.1 Description

= Display modes of crop parameters
Two types of display mode of crop parameters can be selected (Fig. 2.9a):
- Limited set: Crop parameters describing mainly phenology and life cycle length are

Crop characteristics menu, the adjustments cannot be saved in the protected file. Select
the <Save as> command to save the updated crop parameters in a new crop file.

Table 2.9a.
List of the crop parameters and their type

displayed. They are
Planting 1. Crop Phenology
Type of planting method (direct sowing or transplanting) - e
Canopy size of the lanted seedling (method of planting: ing) Symbol [ Description [ Type
Phenology (cultivar specific) _ . 1.1 Threshold air temperatures for growing degree days
’Il;metll]o f}(:;:/egng or the flart of yield formation Towe | Base ) [ Conservative
ngth of the flowering stage o ive ™
Time to start of canopy senescence Tupzer | Upper temperature (°C) | Conservative
Time to maturity (i.e. the length of crop cycle) 1.2 Development of green canopy cover
Time to reach full canopy (only if crop cycle is expressed in calendar days) cco Canopy size of the average seedling at 90% emergence, Conservative
Managemgnt dependent or canopy size of the seedling (cm?) Management ®
_l:_lli‘:; ?g';z‘”g'r nce Number of plants per hectare M o
5 - &)
Maximum canopy cover (depends on plant density and cultivar) Time from sowing to emergence)(dayi‘(.)r GD days) Management
& or recovery time (for )
Soil dependent R e _ —
Maximum rooting depth CGC Canopy growth coefficient (fraction per day or per growing | Conservative
Time to reach maximum rooting depth degree day) 5
Soil and I CCy Maximum canopy cover (fraction soil cover) M ement
Response to soil fertility and/or soil salinity stress Time from sowing to start ence (days or GD days) Cultivar -
These parameters might require an adjustment when selecting a cultivar different €DC Canopy decline coefficient (fraction per day or per Conservative
from the one considered for crop calibration, or when the environmental conditions growing degree day) S ——y
differ from the conditions assumed at calibration or when the planting method is Time from sowing to maturity, i.e. length of crop cycle Cultivar
altered. The displayed parameters are cultivar specific or might be affected by the (days or GD days)
field management, conditions in the soil profile, or the climate (especially when 1.3 Flowering or start of yield formation
simulating in calendar day mode). Time from sowing to flowering or to the start of yield Cultivar @
- Full set: All crop parameters are displayed (Table 2.9a). formation (days or GD days)
Length of the flowering stage (days or GD days) Cultivar @
= Type of edit fields (cells) Crop determinacy linked/unlinked with flowerin; Conservative "
Crop parameters are displayed in edit-fields (cells). The color of the edit fields varies 1.4 Development of root zone
depending on the type of parameters. The conservative parameters (displayed in silver A P effective rooting depth (m) V7 &)}
cells) are crop specific but do not change materially with time, management practices, 72 Maximum effective rooting depth (m) 7
geographic location or climate. They are also assumed not to change with cultivars unless * Shape factor describing root zone expansion Conservative
shown otherwise. They were calibrated with data of the crop grown under favorable and 0) Consewati}z'e encrally a licéable P
non-limiting conditions but remain applicable for stress conditions via their modulation 1ve & Y appicE . e
. L . N (2) Conservative for a given specie but can or may be cultivar specific
by stress response The other p (disp in white cells) are cultivar G3)D dent on envi and/or
specific or less conservative and affected by the climate, field management or conditions ) Cuitivar N ecif;c
in the soil profile. The crop parameters are listed in Table 2.9a. P
= Protected files
Crop files which come with the AquaCrop software contain crop parameters that are
calibrated and validated by FAO. Although the user can alter the crop parameters in the
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Table 2.9a. continued. Table 2.9a.  continued.
2. Crop transpiration 4. Stresses
Symbol | Description Type WSS Symbol | Description [ Type WROSEIRLY
Kerx | Crop coefficient when canopy is complete but prior to Conservative 4.1 Soil water stresses
Soil water depletion threshold f sion - U Conservative "
100 f,ge | Decline of crop coefficient (% of CCy per day) as a result Conservative " Pexplover .m }val fr cpietion Qresholc for canopy expansion - pper onservative
of ageing, nitrogen deficiency, etc. - - - T
S Ma xgimu%n mol%valer extracli);m T day") ntop Conservative ™ Pexpaupper S‘ml wa‘l?r depletion threshold for canopy expansion - Lower | Conservative y
quarter of root zone Shape factor for Water st fficient fc C tive ™
Sxbot Maximum root water extraction (m> m* day™) in bottom Conservative ) ex;aP:siz; or for Water stress coetlicient for canopy onservative
guarter of root zone - - - — —m Psto Soil water depletion threshold for stomatal control — Upper | Conservative "
Effect of canopy cover in reducing soil evaporation in late | Conservative threshold
season stage (% reduction in soil evaporation) Shape factor for Water stress coefficient for stomatal control | Conservative
Psen Soil water depletion threshold for canopy senescence — Conservative
Upper threshold
3. Biomass production and yield formation Shape factor for Water stress coefficient for canoj Conservative "
P Py
3.1 Crop water productivity Sum(ETo) during stress period to be exceeded before Conservative "’
g P
WP* Water productivity normalized for ETo and CO, (gram/m”) | Conservative T is triggered
fyieta Reduction coefficient describing the effect of the products | Conservative ™ Ppol Soil water depletion threshold for failure of pollination — Conservative
synthesized during yield formation on the normalized Upper threshold
water productivity Vol% at anaerobiotic point (with reference to saturation) Cultivar @
Crop performance under elevated atmospheric CO, | Management® Environment

“@)

concentration (%) Cultivar

3.2 Harvest Index

HI, R harvest index (%) Cultivar @
Excess of potential fruits (%) Conservative
Possible increase (%) of HI due to water stress before Conservative )
flowering
Coefficient describing positive impact of restricted Conservative 7

vegetative growth during yield formation on HI

Coefficient describing negative impact of stomatal closure | Conservative )
during yield formation on HI

Allowable maximum increase (%) of specified HI Conservative )

(1) Conservative generally applicable

(2) Conservative for a given specie but can or may be cultivar specific
(3) Dependent on envi and/or

(4) Cultivar specific
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4.2 Soil fertility/salinity stress

Stress at calibration (%) (calibration)
Shape factor for the stress coefficient for canopy expansion | Management ©
Shape factor for the stress coefficient for Maximum Canopy | Management ©

Cover

Shape factor for the stress coefficient for Crop Water Management ©
Productivit

Shape factor for the response of Decline of Canopy Cover to | Management &
stress

Shape factor for the stress coefficient for stomatal closure Management *’

4.3 Air temperature stress
Mini air temp below which pollination starts to Conservative ”
fail (cold stress) (°C)
Maximum air temperature above which pollination starts to | Conservative )
fail (heat stress) (°C)
Minimum growing degrees required for full biomass Conservative ”
production (°C - day)

(1) Conservative generally applicable

(2) Conservative for a given specie but can or may be cultivar specific
(3) Dependent on environment and/or management

(4) Cultivar specific
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Table 2.9a. _continued.

Symbol | Description [ Type " E@

4.4 Soil salinity stress

ECe, Electrical conductivity of the saturated soil-paste extract: Conservative "
lower (at which soil salinity stress starts to occur)

ECe, Electrical conductivity of the saturated soil-paste extract: Conservative "

upper threshold (at which soil salinity stress has reached its
maximum effect)

Shape factor for Soil salinity stress coefficient Conservative "

(1) Conservative generally applicable
(2) Conservative for a given specie but can or may be cultivar specific
(3) Dependent on environment and/or management

2.9.2 Development

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

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

- Canopy development (canopy expansion and decline);

- Flowering and Yield formation (or Root/Tuber formation);

- Root deepening;

- Temperatures (required for the calculation of growing degree days).

(4) Cultivar specific
green \\
sowing canopy
cover
ftart: / cezw
rop cile
- . s
« canopy w
recovered cover |
vanapint | | ey
mm‘ | :
bulding tp Harest Index
| oy mid - season stage e
stage
i fctie
oirgoeoh ||
effective
rooting depth
2
mrimumsfective
g 0 o——0 0 W
Figure 2.9b1
ic repr ion of crop for fruit/grain producing crops
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= Initial canopy cover
The initial canopy cover (CC,) is required to describe canopy expansion (Chapter 3 —
Section 3.3.2 Canopy development). It is the product of plant density (number of plants =[x
per hectare) and the canopy size of the seedling (cc,). Plant density

Type of planting method

- Direct sowing: CCo refers to the initial canopy cover at 90% emergence and is
obtained by multiplying plant density by the canopy size of the average seedling at
90% emergence (cc,);

Transplanting: CCo refers to the initial canopy cover after transplanting and is
obtained by multiplying plant density by the canopy size of the transplanted seedling
(cco)-

Since the canopy size of the transplanted seedling is likely to be larger than the canopy
size of the germinating seedling, the user will have to confirm or adjust the proposed
default size, when altering the method of planting (Fig. 2.9b2).

B8 Canopy size transplanted seedling =10 x|

Given canopy size seeding. . 650 cm2/plant

Confirm or adjust
Canopy size

Uansplanted seedling....] 15.00 || cm2/plant
|

Figure 2.9b2
Confirming the canopy size of the transplanted seedling when altering the planting
method from direct sowing to transplanting in the Canopy size seedling menu

Specifying the initial canopy cover (CC,)

CC, can be specified by:

- specifying the plant density in the Crop characteristics menu;

- specifying the sowing rate or plant spacing. This option becomes available by
clicking on the i in the Crop ch istics menu. The plant
density in the Estimate plant density menu is calculated from the specified sowing
rate and approximate germination rate, or from the specified row and plant spacing
(Fig. 2.9b3);

- selecting one of the classes ranging from very small to very high cover (Tab. 2.9b1);

specifying directly the percentage in the Crop characteristic menu, which might be

required for transplanted seedlings.
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185 000 plants/ha
185 plants/m2

 Sowing rate
[T25 kg seottha
1000 seedmase | 00 g
gomiiontote | 5 %

€ Rowplaniing
rowspacing [ 200 m
plantspacing [ 010 m

Canopy sze seeding: 650 cm2

Initial canopy cover : 1.20 %

o |

Figure 2.9b3
Estimation of plant density from sowing rate or plant density
in the Estimate plant density menu

Table 2.9b1

Classes, corresponding default values, and ranges for the 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 lants) 1.50 % 0.71 ... 10.00 %
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= Canopy development

Canopy expansion for no stress condition is described by two equations (see Chapter 3 —
section 3.3.2 Canopy development) requiring information on (i) initial canopy cover
(CC,), (ii) maximum canopy cover (CCy) for that plant density under optimal conditions,
and (iii) canopy growth coefficient (CGC). Once senescence starts, CC declines. To
simulate the canopy decline the starting time of senescence and a canopy decline
coefficient (CDC) are required. The crop parameters governing canopy expansion and

decline are displayed in the canopy d sheet of the Crop characteristics menu
(Fig. 2.9b4).
ol

[ Response to stiesses:

Desciption Development | ET | Production | Water | Temperature | Saliy | Biomass | Colender |

Crop development (no water, fertility or salinity stress)

Iniial canopy cover  Canopy development | Flowering and Yield Formation | Rt deepening | Temperatures |
[fastexpansion =" C6C[ 150 %/day

I I
masimum canopy cover [well covered e
[roderate decine  <]| 20 2] d coc[ 128 [3]x/day

Growing cycle (days)
soning

From day 1 aiter sowing to:

emaancs | 5 &
=2

matuity |
S Poson setings | gy Moin Mens Hsees

Figure 2.9b4
of canopy in the Crop ch istics menu
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Time to emergence: 1t is the time required from sowing to reach 90% emergence.
Because field preparation, soil temperature and water content vary with each case, the
time to emergence is user specific.

Canopy Growth Coefficient (CGC) and the corresponding time to reach maximum

canopy: CGC is a conservative crop parameter. AquaCrop provides alternative

procedures to specify CGC or the corresponding time required to reach CCy:

- If the red arrow is downwards (Fig. 2.9b4) the time to reach maximum canopy cover
is derived from the specified canopy growth coefficient;

- If the red arrow is upwards the canopy growth coefficient is derived from the

specified time to reach maximum canopy cover;

The canopy growth coefficient can also be specified by selecting one of the classes

ranging from very slow to very fast expansion (Tab. 2.9b2).

Table 2.9b2
Classes, corresponding default values, and ranges for the 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 %l/day 4.1 ... 8.0 %/day
Moderate expansion 10 %/day 8.1 12.0 %/day
Fast expansion 15 %/day 12.1 ... 16.0 %/day
Very fast expansion 18 %/day 16.1 ...40.0 %/day

Maximum canopy cover (CC,): Maximum canopy cover is dependent on plant density,
CC per seedling at 90% emergence, and CGC. The user selects one of the classes which
range from ‘thinly covered’ to ‘entirely covered’ (Tab. 2.9b3). AquaCrop displays the
corresponding ground cover at maximum canopy. CCy can also be specified by entering
directly the percentage.

Table 2.9b3
Classes, corresponding default values, and ranges for the expected maximum

canopy cover (CCy) for no stress
Class Default value Range
Very thinly covered 40 % 11 ... 64 %
Fairly covered 70 % 65 ... 719%
Well covered 90 % 80 ... 89 %
Almost entirely covered 95 % 90 ... 98 %
Entirely covered 99 % 99 ... 100 %
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Senescence starting time: The time at which canopy senescence starts for optimal
conditions. The senescence starting time depends on phenology 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 (Tab. 2.9b4), the canopy decline coefficient
(CDC) is derived from the number of days required to achieve full senescence. The
canopy decline coefficient can also be specified directly. The canopy decline coefficient
is assumed to be conservative.

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

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 maturity is reached. Although the
crop can be harvested later it is assumed that the crop production no longer changes.
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= Flowering and yield formation (fruit/grain producing crops)

The crop parameters to be specified are (i) the time of start of flowering, (ii) duration of
flowering, (iii) the time required to build up the Harvest Index (HI), and (iv) if
determinancy linked with flowering (Fig. 2.9b5). These parameters are mainly cultivar
specific.

g =)
[ Response to tesses:
Desciption  Development | ET | Producton | Water | Temperature | Salinty | Biomass | Calendar |
Crop development (no water, fertility or salinity stress)
Intial canopy cover | Canopy development  Flowering and Yield Fomation | Root deepering |  Temperatures |
ie i days
B =3
Duration of flowering. 0 4]
_]
100%
cc
T
Growing cycle (days) ..
somng
From day 1 after sowing to: days
flowering [
matuiity
otential i . =
Segasive | 17 Deteminancy linked with flowering
gowh
I & Program settings K5 Main Menu e sove s

Figure 2.9b5
Specification of flowering and time required to build up the Harvest Index for
fruit/grain producing crops in the Crop characteristic menu for a crop where
determinancy is linked with flowering

If the <Determinancy linked with flowering> check button is checked (Fig. 2.9b5), the
crop is determinant, and the canopy cover is assumed to have the potential growth (if CC
< CCy) up to peak flowering (set at half of the duration of flowering) but not thereafter. If
due to the selection of the time of flowering, CC, can not be reached at peak flowering,
AquaCrop adjust in the Crop characteristics menu the duration of flowering until the
conditions can be fulfilled.
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If the determinancy button is not checked (Fig. 2.9b6) the canopy development can
stretch till canopy senescence. The corresponding period for potential vegetative growth
is displayed.

————— Responie 1o stiesses
Desciption  Development | ET | Producton | Waler | Temperature | Solnty | Biomass | Calender |

Crop development (no water, fertility or salinity stress)
Iniel canopy cover | Canopy development  Floweiing and Yield Fomation | Root deepering | Temperatues |

Yield formation days.

Length building up HI e
Duration of flowering
100%
cc
80%
6%
4%
2%
0% +
T
owing cycle (days)
xuw\‘ng
From day 1 after sowing to: days
flowering [& 3
matuiity
2 | = Doterminancy inked with flowering ‘

[ g i P O

Figure 2.9b6
Specification of flowering and time required to build up the Harvest Index for
fruit/grain producing crops in the Crop characteristic menu for a crop where
determinancy is not linked with flowering, such as cotton.

The time required for the Harvest Index (HI) to increase from O (at flowering) to its
reference values (HI,) under optimal conditions is the duration for building up HI. The
Harvest Index should be able to reach its reference value at or shortly before maturity.
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= Root/Tuber formation (root/tuber crops)

The crop parameters to be specified are (i) the start of tuber formation or root
enlargement, and (ii) the time required to build up the Harvest Index (HI) (Fig. 2.9b7).
These parameters are mainly cultivar specific.

ioix
e —
Descipton  Development | ET | Production | Weter | Temperatue | Sty | Bomass | Calenr |

Crop development (no water, fertility or salinity stress)
| e | | Temperatures |
Yield formation days

T 1
Growing cycle (days) . 121

ensplartng ety

From day 1 after tiansplanting to: days
start yield =
i E}
maturity

potental

Vegetaive

goth

N £ Main Menu Hsmess

Figure 2.9b7
Specification of the start of yield formation and the time required to build up the
Harvest Index for root/tuber crops in the Crop characteristic menu

Root/Tuber crops are assumed to be indeterminant. Hence the canopy development can
stretch till canopy senescence. The corresponding period for potential vegetative growth
is displayed in the menu.

The time required for the Harvest Index (HI) to increase from O (at the start of tuber
formation or root enlargement) to its reference values (HIL,) under optimal conditions is
the duration for building up HI. The Harvest Index should be able to reach its reference
value at or shortly before maturity.
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= Root deepening

The crop parameters to be specified are (i) the maximum effective rooting depth and (ii)

the time reached, (iii) the minimum effective rooting depth and (iv) a shape factor for the

rooting depth (Z) time curve (Fig. 2.9b8). These parameters are user specific as root
is strongly i by local soil itions and the life cycle length of the

crop.

ics =T}
esponse to stesses-

Descipion  Development | ET | Producton | Weler | Temperatue | Sairity | Biomass | Calendar |
Crop development (no water, fertility or salinity stress)

| c | | Tenpoctuss |

et donp oood 5] 755 2| meter

Average root zone expansion
T4 3] emeday
Close.

Ziminimun)
Shape factor

days

| [0 2}
| 2 Corcel | |8 Program settings Yoz Manl B savees

Figure 2.9b8
Specification of root ing in the Crop ch istic menu
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The minimum effective rooting depth refers to the depth from which the germinating
seedling can extract water. For simulation purposes a depth of 0.20 to 0.30 m is generally
considered.

The maximum effective rooting depth can be specified by selecting one of the classes
which range from ‘shallow rooted crops’ to ‘very deep-rooted crops’ (Tab. 2.9b5). The
shallow rooted crops category is only applicable to rice and crops with very short life
cycle such as radish. AquaCrop displays the corresponding maximum effective rooting
depth. The rooting depth can also be specified by entering directly the numeric value in
meter. As a general rough guide for field crops in general, the roots deepening rate is
about 2 cm per day when the environment is optimal for growth, the soil is not cold and
soil layers that limits growth are absent.

Table 2.9b5
Classes, corresponding default values, and ranges for maximum effective rooting
depth of the fully developed crop under optimal iti

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 135m 2.00 ... 2.99
Very deep rooted crops (] ial) 2.00m 3.00 ... 10.0

By varying the shape factor of the Z versus time curve, the expansion rate of the root
zone can be altered between planting and the time when the maximum rooting depth is
reached.
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The effective rooting depth might not reach its maximum value if an impermeable soil
layer blocks root devel or when the i soil depth is smaller than the
maximum rooting depth. The root deepening rate is described by the shape factor, but
once the effective rooting depth reaches the restrictive soil layer, the expansion is halted
(Fig. 2.99).

_ioix

[ Response o tiesses.
Descipion  Development | ET | Production | Wele | Tenperaue | Salty | Bomess | Calerr |
Crop development (no water, fertility or salinity stress)

Iniial canopy cover | Canopy development | Flowering and Yield Fomation oot deepering | Temperatures |
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Figure 2.9b9
Effect of a restrictive soil layer on root development
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= Temperatures for growing degree days (GDD)

Crop development can be specified in calendar days or growing degree days (GDD). For
the purpose of GDD calculations a base temperature (below which crop development
does not progress) and an upper temperature (above which the crop development no
longer increases) are required (see Chapter 3 — section 3.2 Growing degree days). These
temperatures are conservative for a given specie but may be cultivar specific for lines
bred in drastically different environments. The base and upper temperatures are specified
in the Temperatures folder (Fig.2.9b10).

=lolx|

[~ Respanse o stiesses
Descipton  Developnent | ET | Producton | Weter | Temperaae | Sty | Bomass | Calenar |
Crop development (no water, fertility or salinity stress)

| c | g, 1 Temperatues |

GDD

Al
1 January 2000 tie 31 December 2001

Crop dov
in € Calendr days
(Growing degree-days

[ 3 o | IR Erom it ¥ Main Mens B

Figure 2.9b10
Specification of the base and upper temperature threshold in the Crop
characteristics menu
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2.9.3 Evapotranspiration

= Coefficients
The soil water evaporation coefficient (Ke) and the crop transpiration coefficient (Kery)
are plotted from sowing to maturity (Fig. 2.9c1).

gl
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Figure 2.9c1
Response of the soil evaporation (Ke) and the crop transpiration (Kcry) coefficients
to canopy development and decline during the growing cycle for non limiting
conditions

Evaporation from a fully wet soil surface is inversely proportional to the effective canopy
cover. The proportional factor is the soil evaporation coefficient for fully wet and
unshaded soil surface (Ke,) which is a program parameter (see 2.9.11 Program settings)
with a default value of 1.1. When canopy cover declines (senesces) late in the season as
dictated by phenology, or as induced by water, nutrient or salinity stress, soil evaporation
remains somewhat reduced by the sheltering effect of the yellow or dead canopy cover.
The effect of canopy shelter is parameterized based on whether the senescening canopy
retains more or less of its dead leaves.
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Crop transpiration from a well water soil is proportional to the effective canopy cover.
The proportional factor is the coefficient for maximum transpiration (Kcryy). It is the
crop coefficient when canopy cover is complete (CC = 1) and without stresses. Ky is
conservative and approximately equivalent to the basal crop coefficient at mid-season of
FAO Irrigation and Drainage Paper 56 but only for cases of full CC. After the time
required to reach the maximum canopy cover (CCy) under optimal conditions and before
senescence, the canopy ages slowly and undergoes a progressive though small reduction
in transpiration and photosynthetic capacity. This is simulated by reducing Kerx by a
constant and very slight fraction per day (Fig. 2.9c1).

p charact
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Figure 2.9¢2
Derived maximum extraction terms (S,) at the top and bottom of the root zone after
the specification of the water extraction pattern and the maximum root extraction

= Water extraction pattern

The root water extraction from the soil profile is governed by the actual soil water
content and the maximum amount of water (S,) that can be extracted by the roots per unit
of bulk volume of soil, per unit of time (m® water per m? soil per day). Sy at the top of the
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soil profile is generally different from Sy at the bottom of the root zone. By specifying the
maximum root extraction of a well developed crop (a default value of 15 mm/day for root
zones deeper than 0.5 m is considered), and the water extraction pattern throughout the
root zone, Sy values are derived in AquaCrop for different depths in the root zone (Fig.
2.9¢2).

If a soil layer blocks the root zone expansion, the maximum root extraction term at the
bottom of the root zone increases when the roots continue to develop. This simulates the
concentration of roots above the restrictive soil layer. When a restrictive layer in the soil
profile is present, the adjustment of the extraction terms can be displayed in AquaCrop
(Fig. 2.9¢3).
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Figure 2.9¢3
Adjustment of the water extraction pattern
in the presence of a restrictive soil layer blocking root zone expansion
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2.9.4 Production

= Crop water productivity normalized for climate and CO, (WP*)

To simulate biomass and yield, the water productivity normalized for climate and air CO,
concentration (WP*) is required. WP* is a conservative parameter. For use with crop
species without calibrated WP*, general ranges are provided by AquaCrop for C3 and C4
species. If the harvestable organ is rich in oil and/or proteins, WP* after the beginning of
flowering must be reduced over the yield formation period, by multiplying it by an
adjustment factor entered by the user (Fig. 2.9d1).
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Figure 2.9d1
The water productivity normalized for climate and atmospheric CO; and its
adjustment if the harvestable organs are rich in oil and/or proteins
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= Performance under elevated atmospheric CO; concentration

WP" is adjusted when running a simulation with an atmospheric CO, concentration
different from the reference value (i.e. 369.41 ppm measured at Mauna Loa, Hawaii at
the year 2000). The adjustment is obtained by multiplying WP" with a correction
coefficient as discussed in Chapter 3 (Section 3.11 Above ground biomass). The
theoretical adjustment might not be entirely valid when (i) soil fertility is not properly
adjusted to the higher productivity under elevated CO, concentration, and/or (ii) the sink
capacity of the current crop variety is yet not able to take care of the elevated CO,
concentration. The performance of the crop under elevated atmospheric CO,
concentration can be adjusted by the user by altering its sink strength in accordance with
the expected soil fertility management and the cultivar (Fig. 2.9d2).
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Figure 2.9d2
The water pr j to ic CO, ation
by considering crop type and crop sink strength
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= Reference Harvest Index (HIL,)

The reference Harvest Index (HI,) is the representative HI reported in the literature for
the chosen crop species under non-stress conditions. HI, is conservative to a fair extent
but can be cultivar specific.

Fruit or grain producing crops

Beginning at the start of flowering HI increases linearly after a lag phase until
physiological maturity is reached (Fig. 2.9d3). The value reached at maturity under non-
stress conditions is taken as HI, for that species.

=1l x|
[ Respanse o siesses
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Crop production (no water, fertility or salinity stress)
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Figure 2.9d3
Specification of the reference harvest index (HI,)
and the display of the building up of the Harvest Index from flowering to
physiological maturity for a fruit or grain producing crop
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Root and tubers

Beginning at tuber formation or root enlargement HI increases until physiological
maturity (Fig. 2.9d4). The building up of the Harvest Index is described by a logistic
function. The value reached at maturity under non-stress conditions is taken as HI, for
that species.

il
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Figure 2.9d4
Specification of the reference harvest index (HIL,)
and the display of the building up of the Harvest Index from the tuber formation or
root enlargement to physiological maturity for roots and tubers
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Leafy vegetable crops

Beginning at germination, HI i ases with a logistic equation till the reference harvest
indeed (HIo) is reached (Fig. 2.9d5). For leafy vegetable crops, the time to reach HI, is
expressed as a percentage of the growing cycle.
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Figure 2.9d5
Specification of the reference harvest index (HI,) and the time to reach HI,
for leafy vegetable crops
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2.9.5 Water stress

= Canopy expansion, stomatal conductance and early canopy senescence

Effects of water stress on canopy expansion, stomatal conductance, and early canopy
senescence are described by water stress coefficients Ks. Above an upper threshold of
soil water content, water stress is not considered and Ks is 1. Below a lower threshold,
the stress is at its full effect and Ks is 0 (Fig. 2.9el). The user can specify in the
corresponding menus threshold values and curve shape, or can 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 coefficient for leaf expansion (exp),
stomatal conductance (sto) and canopy senescence (sen)
for various soil water depletions

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

Shape of Ks curve: Between the upper and lower thresholds the shape of the Ks curve

determines the magnitude of the effect of soil water stress on the process. The shape can
be linear or convex (Fig. 2.9¢2). Tests so far suggest that the thresholds and shapes of

Reference Manual, Chapter 2 — AquaCrop, Version 4.0 June 2012 2-52

these curves may be conservative, at least to a fair degree. The shape factor can range
from +6 (strongly convex) to 0 (linear).

1.0
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water stress coefficient (Ks)

0.0

lower
upper
threshold threshold

Figure 2.9¢2
Convex and linear shapes of the Ks curve

Adjustment by ET,: Generally leaf and plant water status are partially dependent on
transpiration rate, being lower for higher rate of transpiration. AquaCrop simulate this
effect indirectly by adjusting the Ks curve according to ET,. The specified soil water
depletion factors (p) are for a reference evaporative demand of ET, = 5 mm/day, and the
p is adjusted at run time for different levels of ET,. The shaded bands in the
corresponding displays (Fig. 2.9¢3), on the two sides of the curved line indicate the range
of the evaporative demand adjustments as dictated by ETo. The adjustment is not
considered if the correction for ETo is switched off.

Canopy expansion: Leaf growth by area expansion (expansive growth) and therefore

canopy development are the highest in sensitivity to water stress among all the plant

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

expansion growth by selecting a sensitivity class (Tab. 2.9¢l, Fig. 2.9¢3) or by specifying

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

- p(upper): The fraction of the Total Available soil Water (TAW) that can be depleted
from the root zone before leaf expansion starts to be limited;

- p(lower): when this fraction of TAW is depleted from the 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 soil water depletion fractions for
canopy expansion

Class Soil water depletion fraction

Sensitivity to water stress for canopy expansion (Pexp)

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
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Figure 2.9¢3
Specification of the upper and lower thresholds and the shape of the Ks curve
for the effect of water stress on canopy expansion (Ksexp,)

Stomatal closure: Stomata have been shown to be much less sensitive to water stress in
comparison to leaf expansive growth. The user specifies the effect of water stress on crop
transpiration by selecting a sensitivity class (Table 2.9e2) or by specifying a value for the
upper soil water depletion thresholds (p):

- p(upper): which determines the Readily Available soil Water (RAW). RAW is the
maximum amount of water that a crop can extract from its root zone without inducing
stomatal closure and reduction in crop transpiration;

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

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

Class Upper threshold of soil water depletion
Sensitivity to water stress for stomatal closure (pst,)
Default value Range
extremely sensitive to water stress 0.25 0.10 ... 0.29
sensitive to water stress 045 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 senescence: Under moderate to severe water stress conditions, leaf and
canopy senescence is triggered, thereby reducing the transpiring foliage area. The user
specifies the effect of water stress on canopy senescence by selecting a sensitivity class
(Tab. 2.9¢3) or by specifying a value for the upper soil water depletion thresholds (p):

- p(upper): The fraction of the Total Available soil Water (TAW) that can be depleted
from the root zone before canopy senescence is triggered;

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

Early canopy is likely to be dep on the nitrogen nutrition of the crop.

When nitrogen is more limiting the crop is expected to be more sensitive.
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Table 2.9¢3 Aeration stress
Classes and corresponding default values for the upper threshold of soil water Water logging causes stress that affects crop development and growth, except for the case
ion for canopy st cenc of aquatic species such as rice. When the soil water content in the root zone rises above
Class Upper threshold of soil water depletion the anaerobiosis point (Figure 2.9¢5), the aeration of the root zone will be deficient,
Sensitivity to water stress for canopy senescence (Psen) resulting in a decrease of crop transpiration.
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 deficient

= Effect of soil salinity stress on the thresholds for soil water depletion

If soil salinity affects crop development, the thresholds for leaf expansion, stomatal
conductance and early canopy senescence might shift upwards due to a decrease in soil
water potential. By means of the Program settings the user can switch on or off the effect
of soil salinity on the thresholds (Fig. 2.9¢4).

no stress ——1.0
Ks 08
0.6
0.4+
0.2
full st 00
00

root zone depletion

Figure 2.9e4 — Shift of the thresholds (circles) for root zone depletion and its effect on
Ks (lines) with (black) and without (gray) the effect of soil salinity on the thresholds.
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soil aeration

Figure 2.9¢5
Zone (dark area) of restricted soil water extraction
as a result of deficient soil aeration

The aeration stress is specified by a Ks coefficient. At soil saturation (upper threshold)
the stress is at its full effect and Ks is 0. Below a lower threshold of soil water content,
water stress is not considered and Ks is 1. The lower threshold is the soil water content
below saturation at which poor aeration no longer limits transpiration. Between the upper
and lower thresholds the shape of the Ks curve is linear (Fig. 2.9¢6). The user specifies
the sensitivity of the crop to water logging by selecting an aeration stress class (Tab.
2.9e4) or by specifying the anaerobiosis point (volume percent below soil saturation).

Table 2.9e4

Classes, corr ing default values, and ranges for aeration stress

Class anaerobiosis point

(volume % below saturation)

default range

not stressed when water logged 0

very tolerant to water logging -2vol%

moderately tolerant to water logging -5 vol%

sensitive to water logging - 10 vol%

very sensitive to water logging - 15 vol%
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Specification of the soil water content below saturation at which poor aeration no
longer limits transpiration
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= Harvest Index

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

Before flowering: Pre-anthesis water stress limiting vegetative growth may have positive
effects on the Harvest Index. The user specifies the maximum increase that should be

considered (Fig. 2.9¢7) or select a class graded for the effect of pre-anthesis water stress
(Tab. 2.9¢5).

rop characteristics
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Figure 2.9¢7
Positive effect on Harvest Index of pre-anthesis water stress
affecting biomass production

Table 2.9e5

Classes graded for the positive effect of pre-anthesis stress on HI
Class percent increase of HI
None 0%

Small 4%

Moderate 8 %

Strong 12 %

Very strong 16 %
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During flowering: When stress is very severe and inhibits pollination directly, the effect
on HI is negative for a given class of excessive potential fruits, and its magnitude is set
by a water stress coefficient (Ks). The threshold for the failure of pollination, expressed
as a fraction (p) of TAW, is lower (stronger stress level) than the threshold for the effect
for stomatal closure and triggering of senescence. The water stress coefficient Kspol
decreases linear from 1 to O between the upper threshold (pyo) and lower threshold
(permanent wilting point). The user specifies the soil water depletion (p) at the threshold
or selects a class graded for relative resistance to drought (Fig. 2.9e8, Tab 2.9¢6).
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Figure 2.9¢8
Specification of the upper thresholds
for the effect of water stress on failure of pollination

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

or negative depending on the severity of the stress:

- One adjustment is for the competition between vegetative and reproductive growth
after flowering begins, linked to Ks for leaf growth and with positive stress effect on
HI. The magnitude of this effect as a function of Ks is set by a coeffi
increasing as “a” diminishes (Tab. 2.9¢7);

ent “a”,
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- When stres:

is severe enough to cause substantial stomata closure and reduction in
photosynthesis, the effect on HI is assumed to be negative and linked to Ks for
stomata. The magnitude of this effect is set by coefficient “b”, with the negative
effect on HI being accentuated as “b” decreases (Tab. 2.9¢8).

Table 2.9¢6

Classes, corresponding defaults values, and ranges for the soil water depletion
factor (p) for failure of pollinati
Class
Sensitivity to water stress

Soil water depletion fraction (p)
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 2.9¢7

Classes, corresponding defaults values, and ranges for the “a” coefficient (positive
stress effect on HI)

Class

“a” coefficient
Sensitivity to water stress Default value Range

None - -
small 4

moderate 2

strong 1

very strong 0.7

Table 2.9¢8

Classes, corresponding defaults values, and ranges for the “b”

coefficient (negative
stress effect on HI)

Class “b” coefficient
Sensitivity to water stress Default value Range
none - -
small 10 1..20
moderate 5 1..7.0
strong 3 1.6..4.0
very strong 1 1.0...1.5
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In addition to the Ks value, the user specifies the extent of excessive potential fruits (Fig.
2.9¢9). When conditions are favorable, crops pollinate many more flowers and set more
fruits than needed for maximum yield. The excessive young fruits are aborted as the older
fruits grow. The extent of reduction in HI caused by extreme temperature or severe water
stress occurring during pollination time depends partly on the extent of this excess in
potential reproductive bodies. The excess is specified by selecting one of the classes

ranging from very small to large (Tab. 2.9¢9).

Table 2.9¢9
Classes and corresponding default values for excess of p fruits
Excess of potential fruits Excess of fruits
Very small 20
small 50
medium 100
large 200
very large 300
1ol
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Figure 2.9¢9

Specification of the extent of excessive potential fruits

The combined effect of water stress during yield formation is displayed in the

corresponding tab sheet (Fig. 2.9¢10).
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Figure 2.9¢10
Effect on Harvest Index of post-anthesis water stress
for various degrees of root zone depletion (% TAW depleted)

By selecting the <view details HI adjustment> command, the user can study the
individual and combined effect on the Harvest Index of water stress during yield
formation in the Adjustment of Harvest Index menu (Fig 2.9el1 and 2.9e12). The
individual and combined effect on HI can be displayed for various root zone depletions

and evaporative demands.
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Overview: After combining the various effects on HI on water stress, the adjusted
Harvest Index should remain smaller than a preset maximum. In the folder presenting the
[ Lalaid overview of water stress effects on Harvest Index, the user can adjust the maximum
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Figure 2.9¢11

Positive effect on
Harvest Index of water
stress during the period
of potential vegetative
growth for the selected:
(i) “a” coefficient,

(ii) root zone depletion,

(iii) evaporative demand

Figure 2.9¢12

Negative effect on
Harvest Index of water
stress during the
building up of the
Harvest Index for the
selected:

(i) “b” coefficient,
(i) root zone depletion,

(iii) evaporative demand
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allowable increase (Fig. 2.9e13).
i
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Figure 2.9¢13
Combined effect of water stress on harvest index
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2.9.6 Temperature stress

In AquaCrop temperature stress affecting biomass production and pollination is
considered. The effects are described by temperature stress coefficients (Ks) which varies
between 0 (full effect of temperature stress) and 1 (no effect).

= Biomass production
Low temperatures can cause stress that affects crop development and growth. AquaCrop
considers the impact of low temperature in two ways. One is by using GDD as the clock,
ing for effects on phenology and canopy expansion and decline rate. In addition,
it is necessary to account for the more direct effect of cold stress on biomass production.
The latter is specified by a Ks coefficient, which varies between 1 and 0 between an
upper threshold and a lower threshold defined in terms of growing degrees per day (Fig.
2.9f1). The lower threshold is fixed at 0 °C-day. Between the upper and lower threshold
the shape of the Ks curve is logistic.
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Figure 2.9f1
Specification of the threshold for temperature stress on biomass production
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= Pollination

Cold and heat stress might affect pollination. The temperature stress is specified by a Ks
coefficient, which varies from 0 to 1 between threshold temperatures. For the cold stress
Ks is 0 at the lower threshold and 1 at the upper temperature threshold. For the heat stress
Ks is 1 at the upper threshold and 0 at the lower threshold temperature (Fig. 2.9f2).
Between the upper and lower thresholds the shapes of the Ks curves are logistic.
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Figure 2.9f2
Specification of the thresholds for cold and heat stress on pollination

Only the upper threshold for the minimum air temperature (Tphcoq) and the lower
threshold for the maximum air temperature (Txnea) at which pollination starts to fail are
crop parameters. Tycola can range from 0 to +15 °C and Typew from +30 to +45 °C. In
AgquaCrop it is assumed that full stress is reached (Ks = 0) at 5 °C below (cold stress) or
above (heat stress) the specified threshold air temperature.
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2.9.7 Soil fertility stress

Although the crop response to soil fertility stress is based on fundamental concepts, it is
at present described by a qualitative assessment. Mineral nutrient stress, particularly the
lack of nitrogen, can (i) reduce canopy expansion, resulting in a slower canopy
development and (ii) the maximum canopy cover that can be reached (CC,), resulting in a
a less dense canopy. In addition, under long-term stress, (iii) CC normally undergoes
steady decline once the adjusted CC, is reached at mid season. Further-on (iv) soil
fertility stress reduces the water productivity (WP*).

= Display of the effects of soil fertility stress
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Figure 2.9g
The effect of moderate soil fertility stress on canopy development

If the crop response is calibrated for soil fertility stress, the user can see the effect of
various stress levels in the Crop characteristics menu: No stress, mild stress, moderate
stress, and severe stress (Fig. 2.9g).
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= Simulation of the effect of soil fertility stress
To simulate the effect of soil fertility stress the user has to specify one of the categories
of the soil fertility stress in the Field management menu (see 2.12 Field management).

= Calibration of the crop response
Calibration of the crop response to soil fertility stress is done in the Crop characteristic
menu (See 2.9.8 Calibration for soil fertility stress).
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2.9.8 Calibration for soil fertility stress

Since the crop response is specific to the type of stress and the environment in which the
crop develops, the crop response to soil fertility stress cannot be described with
conservative crop parameters, but needs to be calibration for each specific case.

= Reference and Stressed field

Reference field Stressed field
- well watered field - well watered field
- no soil fertility stress - soil fertility stress
Observations: Bf and CCret Observations: Byess and CCypress

Figure 2.9h1 - The calibration of crop response to soil fertility stress is based on field
observations of differences in Biomass production (B) and green Canopy Cover (CC)
between a Reference and Stressed field.

The calibration, which is done in the Crop characteristic menu, requires access to
observed green Canopy Cover (CC) and biomass production (B) in two well watered
fields: one with and the other without soil fertility stress. The field with no stress is
regarded as the ‘Reference field’, while the field with limited soil fertility is denoted as
the “Stressed field’. The fields are well watered to avoid the effect of soil water stress on
crop development and production. The calibration requires that the crop in the Stressed
field shows a well noted response to the limited soil fertility (Fig. 2.9h1). The calibration
consists in linking an observed reduction in total above ground biomass (B) in a Stressed
field with the soil fertility stress in that field.
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= Crop response to soil fertility stress

The observed reduction in biomass is the result of an integration of effects of the stress on
several processes. The soil fertility stress affects
- green canopy development (CC) and hence indirectly crop transpiration (Tr). The
effect of the soil fertility stress on CC consists:
o reduced canopy expansion resulting in a slower canopy development
o reduced maximum canopy cover that can be reached (CCy) resulting in a a
less dense canopy
o steady decline of CC once the adjusted CCy is reached at mid season.
- the biomass water productivity (WP*).

In Table 2.9h the stress coefficients (Ks) and decline coefficient (f) used for the
simulation of the crop response to soil fertility stress are listed.

Table 2.9h — Stress coefficients for simulating crop response to soil fertility stress

Coefficient \ Description | Target crop parameter

For simulating the effect of both soil fertility and soil salinity stress

Ksexp. Stress  coefficient ~ for  canopy | Canopy  Growth  Coefficient
expansion (CGC)

Kscex Stress  coefficient for ~maximum | Maximum canopy cover (CCx)
canopy cover

fepectine Stress decline coefficient of the | Canopy Cover (CC) once
canopy cover maximum canopy cover has been

reached

For si ing the effect of soil fertility stress

Kswp Stress coefficient for biomass water | Biomass water productivity
productivity (WP*)
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= The effect of stress on biomass is not considered (not calibrated)

The calibration process
Protected crop files (provided by FAO), do not consider the effect of soil fertility stress
on biomass, and need to be calibrated before the effect can be simulated (Fig. 2.9h2).

~ioix

Response to stiesses.
Descipton | Development | ET | Productio | Water | Temperature | Safnty ~Effects | Calendar |

Effects of |soil fertility stress -

Biomass production
affected by soil fertility stress
& Not considered
e

- Calibrate

adjustment not considered
[no conrection for soil fertity stress)

[ Sroom s | srwsnion Booen

Figure 2.9h2 - Display in the Crop characteristics menu of a crop for which the effect
of soil fertility stress on biomass is not considered

By selecting ‘Considered’ on the tab sheet in the Crop characteristics menu (Fig. 2.9h2),
AquaCrop will display the Calibration soil fertility stress menu in which the calibration
can be started (Fig. 2.9h3).
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In the ‘Field observations’ tab sheet of the Calibration soil fertility stress menu (Fig.
2.9h3), the user specifies (with reference to Fig. 2.9h1) the observations as surveyed in
the Stressed field:

1. the observed relative Biomass production, by selecting a class (varying from ‘near
optimal” to ‘very poor’) or by specifying the observed relative biomass (100
Buress/Brer);

2. the observed Maximum canopy cover (CCx) , by selecting a class (varying from
‘close to reference’ to ‘very strong reduced’) or by specifying the observed CCx
(CCXqtress)s

3. the observed Canopy decline in the season once CCx is reached, by selecting a class
(varying from ‘small’ to ‘strong’).

Reference field Stressed field
ol ety stess

B Colbration so

~=lolx|

Fidcanains |

not stiessed

I3
v borass
700 % ...(T) Biomass production about hall = —4 50 2= -‘
o
CCx=[80 % ......(Z) Mosimum Canopy Cover [stongly reduced <] —“TE]:

absent (3) Canopy decine in season medium <

Start

calibration ‘

| o

Figure 2.9h3 - Specification of field observations from the ‘Stressed field” in the
Calibration soil fertility stress menu

By clicking on the <Start> button in the ‘Field observations’ tab sheet of the Calibration
soil fertility stress menu (Fig. 2.9h3), AquaCrop selects values for the stress coefficients
(Ksexp.r» Kscex, Kswe, fepeciine) and alters as such the simulated green canopy cover (CC),
and biomass water production (WP*) for the Stressed field.
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By trying different values for the various stress coefficients, and by respecting the
specified observations (Fig. 2.9h3), AquaCrop calculates for each set of stress
coefficients, the corresponding CCgyess and Biomass production (Byyes) until the
simulated relative biomass production is equal to the observed relative production in the
Stressed field. The results are displayed in the ‘Crop response to soil fertility stress’ tab
sheet (Fig. 2.9h4).
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Figure 2.9h4 — The simulated relative biomass (similar as observed on the stressed field)
obtained by considering the effect of soil fertility stress on (i) canopy development
(maximum canopy cover, canopy expansion and canopy decline) and (ii) biomass Water
Productivity (WP*), as displayed in the tab sheet ‘Crop response to soil fertility stress” of
the Calibration soil fertility stress menu.

In the ‘Crop parameters’ tab sheet of the Calibration soil fertility stress menu, the
reduction in Canopy development and biomass Water Productivity (WP*) are displayed.
The corresponding simulated relative Biomass production, the 4 Ks-curves and the Crop
parameters (adjusted to the stress) can be consulted as well in their respectively tab-sheet
(Fig. 2.9h5).
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Figure 2.9h5 - The Ks curve for Maximum canopy cover as displayed in the tab-sheet
‘Ks-curves’ of the Calibration soil fertility stress menu

The calibration determines the shape of the 3 Ks-curves and of the decline coefficient (f).

The shape is given by the values of Ks or f, at 3 different levels of stress:

1. For non-limiting soil fertility (not affecting biomass production), the stress is 0 % and
the 3 soil fertility stress coefficients (Ks) are 1, and the decline coefficient (fcpecine) 1S
7ero;

2. When the soil fertility stress is complete (100% stress), crop production is no longer
possible and the Ks coefficients are zero and the decline coefficient (fepeciine) is at its
maximum rate i.e. 1 % per day;

3. The stress in the Stressed field is defined as:

stress =100 (1-B,,) (Eq. 2.9)
where By is the ratio between the observed biomass in the stressed and reference

field (Brel = Byiress/Bref). By considering the effect on its target parameter (CCx, CGC,
‘WP*, and canopy decline), the corresponding values for Ks and f are obtained for the
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defined stress level. For example, if B is reduced in the Stressed field by 50 % (Biess
= 0.5 Brs) and CCx by 40 % (CCXgyess = 0.6 CCxref), Kscex is 0.6 at the soil
fertility/salinity stress of 50 % (Fig. 2.9h5).

Once a curve is calibrated, the Ks corresponding to other soil fertility/salinity stresses can
be obtained from the curves. With reference to Fig. 2.9h5, CCx will be reduced by 20 %
(Kscex = 0.80 or CCx = 0.8 CCxqer) for a soil fertility stress of 27 %, and by 60 % (Ksccx
=0.40 or CCx = 0.4 CCx) for a stress of 69 %.

Fine tuning

The user can fine tune the calibration by altering in the Calibration soil fertility stress
menu (Fig. 2.9h4): (i) the maximum canopy cover (CCx), (ii) the reduction of canopy
expansion, (iii) the average decline of the Canopy cover, or (iv) the reduction in biomass
water productivity (WP*). Changing one of the above reductions will alter the reductions
of the other parameters since AquaCrop always looks for the equilibrium between the
simulated and observed relative biomass production in the Stressed field. By clicking on
one or more of the 4 check boxes, the user can fix the value of one or more parameters
(Fig. 2.9h4.

By clicking on the <Restart calibration> button key in the command panel of the
Calibration soil fertility stress menu, the user returns to the ‘Field observation’ tab sheet
(Fig. 2.9h3).

= The effect of stress on biomass is considered (calibrated)

Relationship between Biomass and soil fertility stress

For crop files where the effect of soil fertility stress on biomass is considered, AquaCrop

displays in the Crop characteristics menu the effect on canopy development, biomass

water productivity, and biomass production for several stress levels (mild up to severe
stress). In the menu the relationship between Biomass and soil fertility stress is displayed
as well (Fig. 2.9h6). The relationships are obtained by:

(i) considering for various soil fertility stress levels the individual effect on CCx,
CGC, canopy decline, and WP*, as described in each of the Ks curves (Fig.
2.9h5); and

(ii) calculating by considering the stress coefficients, the corresponding canopy
development, and reduction in relative biomass production by assuming no water
stress. The effect of the each considered soil fertility stress level on CCx, on
CGC, on canopy decline, and on WP* are described in the individual calibrated
Ks and reduction curves (Fig. 2.9h5). Since the shapes of the Ks curve are not
identical, and the effect of stress on WP* increases when the canopy cover
increases, the B-stress relationship is not linear (Fig. 2.9h6).
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Figure 2.9h6 — Display of the relationship between Biomass and soil fertility stress in the
‘Biomass-Stress’ tab-sheet of the Crop characteristics menu.

Fine tuning

For crop files where the effect of soil fertility stress on biomass is considered, the
calibration can be fine tuned by clicking on the <Calibrate> button key in the Crop
characteristics menu which will display the Calibration soil fertility stress menu (Fig.
2.9h4 and 2.9h5).

By clicking on the <Restart calibration> button key in the control panel of the

Calibration soil fertility stress menu, the user returns to the ‘Field observation’ tab sheet
(Fig. 2.9h3).
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2.9.9 Soil salinity stress

= Kscurve

Biomass production might be affected by soil salinity stress. To describe this process a
soil salinity stress coefficient (Ksy) is considered which varies between 0 (full effect of
soil salinity stress) and 1 (no effect). The average electrical conductivity of the saturation
soil-paste extract (ECe) from the root zone is the indicator for soil salinity stress.

o
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[~ Biomass production
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Figure 2.9i1
Specification of the upper and lower thresholds and the shape of the Ksq, curve
for the effect of soil salinity stress on biomass production

Thresholds: The user specifies the effect of soil salinity stress by selecting a sensitivity

class or by specifying values for an upper and lower threshold for soil salinity in the root

zone (Tab. 2.9i; Fig. 2.9il). The thresholds are crop specific (see Annex III) and are

given by electrical conductivities of saturated soil-paste extracts (ECe) and expressed in

deciSiemens per meter (dS/m). Distinction is made between:

- the lower threshold (ECe,) at which soil salinity stress starts to affect biomass
production, and
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- the upper threshold (ECe,) at which soil salinity stress has reached its maximum
effect and the stress becomes so severe that biomass production ceases.

Table 2.9i
Classes and corresponding default values for the lower (ECe,) and upper (ECe,)
threshold of soil salinity stress

Class Electrical conductivity of the saturated
Sensitivity to water stress soil-paste extract (ECe) in dS/m
ECe, ECe,
extremely sensitive to salinity stress 0 6
sensitive to salinity stress 1 8
moderately sensitive to salinity stress 2 12
moderately tolerant to salinity stress 5 18
tolerant to salinity stress 7 25
extremely tolerant to salinity stress 8 37

Shape of Ks curve: Between the upper and lower threshold of the saturated soil-paste
extracts, the shape of the Ks curve determines the magnitude of the effect of soil salinity
stress on the biomass production. The shape can be linear, convex or logistic (Fig. 2.9i2).
For the convex shapes, the shape factor can range from +6 (strongly convex) to 0 (linear).

nostress 1.0

Ksgar

0.6

0.4 -

soil salinity stress coefficient

0.2

full stress 0.0

ECe, ECe,

electrical conductivity of the saturated soil-paste extract (dS/m)

Figure 2.9i2
Linear, convex and logistic shapes of the Ks curve
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= Display of the effects of soil salinity stress

Soil salinity stress can reduce canopy expansion and the maximum canopy cover that can
be reached (CC,). In addition, under long-term stress CC normally undergoes steady
decline once the adjusted CCy is reached at mid season. Further-on soil salinity stress
induces stomatal closure.
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Figure 2.9i3
Information concerning the effect of soil salinity stress

As mentioned in the ‘effects of soil salinity stress’ tab sheet (Fig. 2.9i3), the simulation of
the effects of soil salinity on canopy development and crop production are still in a
testing phase. By clicking on the <Effects of soil salinity stress> button, the effects of
soil salinity are displayed (Fig. 2.10j1). In this tab sheet the user can see the effect of
various stress levels (if the crop response is calibrated for soil salinity stress), and/or
calibrate the crop response for the stress.

= Calibration of the crop response

Calibration of the crop response to soil salinity stress is done in the Crop characteristic
menu (See 2.9.10 Calibration for soil salinity stress).
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2.9.10 Calibration for soil salinity stress

= Crop response to soil salinity stress

Soil salinity stress reduces biomass production (B). The electrical conductivity of the
saturated soil-paste extract (ECe) from the root zone determines the value of the soil
salinity stress coefficient, Ksqy (Fig. 2.9i1). As explained in Chapter 3 (3.15 Simulation
of the effect of soil salinity stress), Ksqi expresses the degree of soil salinity stress and
hence determines the total reduction in biomass production. The reduction in biomass
production is the result of stomatal closure and a poor canopy development (slow canopy
expansion, poor canopy cover and canopy decline during the crop cycle). Although the
total reduction in biomass (given by Ks) and the causes for its reduction are known, the
individual effect of salinity stress on each of the processes is not yet sufficient
documented for the simulation in AquaCrop.

In absence of extensive testing, the reduction in biomass production due to soil salinity
stress is described in a similar way as the effect of soil fertility stress on B. The
calibration for soil salinity stress is hence identical as the calibration for soil fertility
stress (2.9.8 Calibration for soil fertility stress), and requires the access to observed green
Canopy Cover (CC) and biomass production (B) in two well watered fields: one with and
the other without soil salinity stress. The field with no stress is regarded as the ‘Reference
field’, while the field with soil salinity stress is denoted as the ‘Stressed field’. The fields
are well watered to avoid the effect of soil water stress on crop development and
production. The calibration requires that the crop in the Stressed field shows a well noted
response to soil salinity stress (Fig. 2.9j1).

Reference field Stressed field
- well watered field - well watered field
- no soil salinity stress - soil salinity stress
Observations: Ber and CCrer Observations: Byess and CCoress

Figure 2.9j1 - The calibration of crop response to soil salinity stress is based on field
observations of differences in Biomass production (B) and green Canopy Cover (CC)
between a Reference and Stressed field.
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The observed reduction in biomass is the result of an integration of effects of the stress on
several processes. As explained in section 2.9.8 (Calibration for soil fertility stress) the
soil fertility stress affects green canopy development (CC) and hence indirectly crop
transpiration (Tr), and the biomass water productivity (WP*). The soil salinity stress
affects in a similar way the green canopy development (CC) and hence indirectly crop
transpiration (Tr), but it also affects crop transpiration directly by inducing stomatal
closure. In Table 2.9j the stress coefficients (Ks) and decline coefficient (f) used for the
simulation of the crop response to soil salinity stress are listed.

Table 2.9j — Stress coefficients for simulating crop response to soil salinity stress

Coefficient | Description Target crop parameter

For simulating the effect of both soil fertility and soil salinity stress

KSexp s Stress  coefficient  for  canopy | Canopy Growth  Coefficient
expansion (CGCO)

Kscex Stress  coefficient for ~maximum | Maximum canopy cover (CCx)
canopy cover

fepectine Stress decline coefficient of the | Canopy Cover (CC) once
canopy cover maximum canopy cover has been

reached
For si ing the effect of soil salinity stress
Ksio,sait \ Stress coefficient for stomatal closure | Crop transpiration (Tr)

In absence of extensive testing, the effects of soil fertility stress and soil salinity stress on
canopy development are assumed to be identical. Hence Kseyys, Kscey and fepecine are
used for simulating the effect of both soil fertility and soil salinity stress.
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= The effect of stress on biomass is not yet considered

The calibration process

By selecting ‘Considered’ on the ‘Effects’ tab sheet in the Crop characteristics menu
(Fig. 2.9j2), AquaCrop will display the Calibration soil salinity stress menu in which the
calibration can be started (Fig. 2.9j3).
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Figure 2.9j2 - Display in the Crop characteristics menu of a crop for which the effect of
soil salinity stress on biomass is not considered

In the ‘Field observations’ tab sheet of the Calibration soil salinity stress menu (Fig.

2.9j3), the user specifies (with reference to Fig. 2.9j1) the observations as surveyed in the

Stressed field:

1. the observed relative Biomass production, by selecting a class (varying from ‘near
optimal’ to ‘very poor’) or by specifying the observed relative biomass (100
Butress/Bret);

Reference Manual, Chapter 2 — AquaCrop, Version 4.0 June 2012 2-83

2. the observed Maximum canopy cover (CCx) , by selecting a class (varying from
‘close to reference’ to ‘very strong reduced’) or by specifying the observed CCx
(CCXqress)s

3. the observed Canopy decline in the season once CCx is reached, by selecting a class
(varying from ‘small’ to ‘strong’).

Cali

y stress ~lolx|

Reference field Stressed field
soil salinity stress

Field observations |

ot stiessed

|
observations

[
700 % ...(T) Biomass production abouthl ~]—[ 50 2] |

[
cex=[80 % 2)) Maximum Canopy Cover | strongly reduced < —,‘ng]x

absent (3) Canopy decine in season medium </

Start

‘ calibration ‘

|

Figure 2.9j3 - Specification of field observations from the ‘Stressed field” in the
Calibration soil salinity stress menu

By clicking on the <Start> button in the ‘Field observations’ tab sheet of the Calibration
soil salinity stress menu (Fig. 2.9j3), AquaCrop selects values for the stress coefficients
(KSexp.i Kscex, Ksgiosalts fepectine) and alters as such the simulated green canopy cover (CC)
and crop transpiration (Tr) for the Stressed field.

By trying different values for the various stress coefficients, and by respecting the
specified observations (Fig. 2.9j3), AquaCrop calculates for each set of stress
coefficients, the cor ding CCyyess, CTOp tr iration (Tr) and Biomass production
(Bguress) until the simulated relative biomass production is equal to the observed relative
production in the Stressed field.
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The results are displayed in the tab sheet ‘Crop response to soil salinity stress’ (Fig.
2.9j4). The effect of soil fertility and soil salinity stress on canopy development (CCx,
CGC, and canopy decline) is assumed to be identical. But soil fertility stress differs from
soil salinity stress because soil fertility stress results in a reduced biomass water
production (Fig. 2.9h4) while soil salinity stress induces stomatal closure (Fig. 2.9j4).
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Figure 2.9j4 — The simulated relative biomass (similar as observed in the stressed field)
obtained by considering the effect of soil salinity stress on (i) canopy development (CCx,
CGC and canopy decline) and (ii) stomatal closure (Kss), as displayed in the tab sheet
“Crop response to soil salinity stress’ of the Calibration soil salinity stress menu.

In the ‘Crop parameters’ tab sheet of the Calibration soil salinity stress menu, the
reduction in Canopy development and in crop Transpiration are displayed. The
corresponding simulated relative Biomass production, the 4 Ks-curves and the Crop
parameters (adjusted to the stress) can be consulted as well in their respectively tab-sheet.

The calibration determines the shape of the 3 Ks-curves and of the decline coefficient (f).
The shape is given by the values of Ks or f, at 3 different levels of stress:
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1. For soil salinity not affecting biomass production, the stress is 0 % and the 3 soil
salinity stress coefficients (Ks) are 1, and the decline coefficient (fepeciine) is zero;

2. When the soil salinity stress is complete (100% stress), crop production is no longer
possible and the Ks coefficients are zero and the decline coefficient (fepeciine) is at its
maximum rate i.e. 1 % per day;

3. The stress in the Stressed field is defined as:

stress =100 (1-B,,,) (Eq.2.9)

where B, is the ratio between the observed biomass in the stressed and reference
field (Brel = Biress/Brer). By considering the effect on its target parameter (CCx, CGC,
Tr, and canopy decline), the corresponding values for Ks and f are obtained for the
defined stress level.

Once a curve is calibrated, the Ks corresponding to other soil salinity stresses can be
obtained from the curves.

Fine tuning

The user can fine tune the calibration by altering in the Calibration soil salinity stress
menu (Fig. 2.9j4): (i) the maximum canopy cover (CCx), (ii) the reduction of canopy
expansion, (iii) the average decline of the Canopy cover, or (iv) the effect on stomatal
closure. Changing one of the above reductions will alter the reductions of the other
parameters since AquaCrop always looks for the equilibrium between the simulated and
observed relative biomass production in the Stressed field. By clicking on one or more of
the 4 check boxes, the user can fix the value of one or more parameters (Fig. 2.9j4).

By clicking on the <Restart calibration> button key, the user returns to the ‘Field
observation’ tab sheet (Fig. 2.9j3).

= The effect of stress on biomass is considered

Relationship between Biomass and soi nity stress

For crop files where the effect of soil salinity stress on biomass is considered, AquaCrop
displays in the Crop characteristics menu the effect on canopy development, crop
transpiration, and biomass production for several stress levels (mild up to severe stress).
In the menu the relationship between Biomass and soil salinity stress is displayed as well
(Fig. 2.9j5). The relationships are obtained by (i) considering for various stress levels the
individual effect on CCx, CGC, canopy decline, and crop transpiration (Tr), and (ii)
calculating the corresponding canopy development, crop transpiration and reduction in
relative biomass production by assuming no water stress. The effect of the various
considered stress levels on CCx, on CGC, on canopy decline, and on Tr are described in
the individual calibrated Ks and reduction curves. Since the shapes of the Ks curve are
not identical, the B-stress relationship is not linear and differ also between soil fertility
and soil salinity stress (Fig. 2.9j5).

Reference Manual, Chapter 2 — AquaCrop, Version 4.0 June 2012 2-86

(B8 crop characteristics g =loix|

Desciption | Development | Production  Biomass -stiess | Calender |

=R soi saiinity stress 8

[ Biomass production [As catbrated =]
affected by soil salinity stress
© Notcomsidered \
e

L

Effect

Canopy | Transpiation | Biomass Biomass - Suess |

Biomass
0%
0%
0%
\ Relalionship

2% & Sol sainiy

L Biomass
0%

o 2% wx 0% % 0%
Soil salinity stress

‘ X Carcel || 8 Program setiings §5 Main Menu  soveas

Figure 2.9j5 - Display of the relationship between Biomass and soil salinity stress in the
Biomass-Stress tab-sheet of the Crop characteristics menu.

Fine tuning

For crop files where the effect of soil salinity stress on biomass is considered, the
calibration can be fine tuned by clicking on the <Calibrate> button key in the Crop
characteristics menu which will display the Calibration soil salinity stress menu (Fig.
2.9j4).

By clicking on the <Restart calibration> button key in the control panel of the

Calibration soil salinity stress menu, the user returns to the ‘Field observation’ tab sheet
(Fig. 2.9j3).
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2.9.11 Calendar
An overview of the calendar of the growing period is displayed in the Calendar folder of
the Crop characteristics menu (Fig. 2.9k).

g
Descipion | Development | Procucton | Biomass-stiess | Cander |
Calendar of growing cycle (no water and fertility limits)
e O | -
~ALOA | growing cycle
AL Jen_Feb Mar Api May Jun Ju Aug Sep Oct Mov Ded]
oyt
A st soning
A |
matuty
[ Growth Stages Length Date
days
From day 1 after 22 7| Mach <[ 1978
to [2][27 March 1979
e 0 B
{0 masinum tooting depth........ 100 [HBounetors |
to start of canopy 10 [2][70 4uly 1979
to maturis E [2][24 3uiy 1978 |
ot ) Biweres
Length buiding up HI. 50 20 3uly 1573
Duration of f 10 d [2][10 June 1979

o ¥ Main Mena s

Figure 2.9k
Crop calendar with indication of the FAO-56 growth stages

In the calendar the length of crop growth stages can also be displayed. The stages refer to
the definitions used in earlier FAO publications (Irrigation and Drainage Papers Nr. 24,
33 and 56) and are:

- The initial stage starts at sowing and stops when canopy cover is 10% (CC = 0.10);

- The canopy development stage starts when the canopy cover is larger then 10 % and
stops when 98% of the maximum canopy cover is reached (CC = 0.98 CC,).

- The mid season stage starts when the canopy covers reaches 0.98 CC, and stops
when canopy senescence begins. The end of the stage is given by the time to reach
canopy senescence.

- The late season stage starts when the days to senescence are reached and stops at the
moment crop maturity is reached, and the crop is ready to be harvested.

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

various planting period and climate regions for common agriculture crops are presented.

Reference Manual, Chapter 2 — AquaCrop, Version 4.0 June 2012 2-88

2.9.12 Program settings

From the Crop characteristics menu the user has access to the program settings listed in
Table 2.91. The effect of the settings on soil evaporation, crop transpiration, canopy
expansion and decline, and soil water stress are explained in the relevant sections of
Chapter 3 (Calculation procedures).

Table 2.91
Program settings affecting soil evaporation, crop transpiration, crop development,
d and the effect of water and salinity stresses

pr
Symbol | Program p Default
Soil evaporation
fx = Evaporation decline factor for stage II 4
Ke, = Soil evaporation coefficient for fully wet and non-shaded 1.10
soil surface
Harvest Index
- = Threshold for green canopy cover below which HI can no 5%
longer increase due to i photosy sis (% cover)
Germination
- = Minimal soil water content required for germination at 20 %
sowing depth (% TAW)
Root zone
Z, = Starting depth of the root zone expansion curve (% of 70 %
minimum effective rooting depth)
= Shape factor for the curve describing the effect of water -6
stress (relative iration) on root zone expansion
Senescence
= = Shape factor (exponent a) for an adjustment factor of Kcby, 1
considering the drop in photosynthetic activity of dying crop
B = Decrease of p(sen) once canopy senescence is triggered (% 12 %
of p(sen))
Stresses
- = Aeration stress: Number of days after which deficient 3 days
aeration is fully effective
fadj = Water stress: Adjustment factor for the ETo correction of the 1.0
soil water depletion (p) (fraction of default FAO-
adjustment)
- = Soil salinity stress: Thresholds for water stress for stomatal affected by
closure soil salinity
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2.10 Start of the growing cycle

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

‘ Start growing cycle (Day 1 after sowing)

pecily dte— 22 ¥ IW_H_
T

Generate onset——  Select ciitesion

Figure 2.10a
Panel in Main menu where the start of the growing cycle is specified

2.10.1 Specified date

The user specifies the first day of the observed or planned start of the growing cycle (i.e.
the first day after sowing or planting). If the selected climatic data is linked to a specific
year, the start of the growing period is also linked to that year. If the climatic data
consists of several years, the start of the growing period occurs in the first year of the
climatic data set. The year can be adjusted in the panel.

2.10.2 Generated onset

= Onset generated based on rainfall
In rainfed cropping, sowing or planting is typically determined by rainfall events. By
clicking on the <Select criterion> commanding the Main menu, the Onset based on
rainfall menu is displayed (Fig. 2.10b). By selecting one or another criterion, the start of
the growing cycle is determined by appraising the rainfall data specified in the selected
Rain data file. By specifying the first and last day in a ‘Search window’, only rainfall
within the specified window is evaluated. The following criteria can be selected to
determine the onset of the growing cycle:
- cumulative rainfall since the start of the search period is equal to or exceeds the
preset value;
observed rainfall during a number of successive days is equal to or exceeds the
preset value;
- 10-day rainfall is equal to or exceeds the preset value;

10-day rainfall exceeds the preset fraction of the 10-day ETo.
The last two options are particular useful if only 10-day or monthly rainfall is available.
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The first occurrence of the onset date is the first date for which the selected criterion
holds. The next 10 occurrences of onset days are displayed when clicking on the <Next
days> command. When the start of the rainy season is not certain at the first occurrence
of the selected criterion, selecting one of the displayed next occurrences or specifying a
more stringent criterion might avoid early canopy senescence and a complete crop failure
after germination.

B8 onve e ocumences ST

<<< Selected
Day 1 after sowing

Onset day
first occurrence
' 1st |8 September 2000
B8 onset based on rainfall or air temperature: # next 10 occurrences
& 2nd |28 September 2000
Mode  Ritalctes | Tempeatueecteia] Cimate fles | i
€ 3id [2October 2000 |
Onset generated based on rainfall VT ey —
Seatch window &
e :
- 9
# Startsearchat [ 1 | | August ] [ 2000 &
# Stop search at [31 | [December ~| | 2000 (‘.
i
| ¢
- Criteria |
€ Cumulative rainfall since start atleast
@ Sumofrainfallina [ 5 - dayperiod: ... atleast
€ Rainfall in decade (10-day period): atleast
 Rainfllin decade atleas......| 050 ETointhe decade
|
[ Onset
Tst occunence
22| |5 September 2000
R 8 September 20
D
| X cancel | K> Main Menu | (Sowing 8 September 2000

Figure 2.10b
Onset based on rainfall menu where the onset of the growing period is determined
by the exceedance of 25 mm of rainfall in a period of 5 successive days,
counting from 1 August 2000 (start of the search window)

Reference Manual, Chapter 2 — AquaCrop, Version 4.0 June 2012 2-91

= Onset based on air

Climate change is likely to increase the air temperalure in many regions. To estimate the
planting dates for future years for spring crops in cool climates, AquaCrop offers the
possibility to generate the sowing/planting date based on air temperature. By selecting
one or another criterion, the likely planti ing date is 1 by ising the air
temperature data specified in the selected ‘Air temperature’ data file. By specifying the
first and last day in a ‘Search window’, only temperature data within the specified
window is evaluated (Fig. 2.10c).

infall o

on emperature: 1 o/

Made | Raiolieia  Tonpoisus il | Cimatefls |

Onset generated based on air temperature

il UL
® Stop searchat | 1~/ May ~| | 2050
| T —
[~ Criteria. r e
" Daily minimum air temperatureina| 3 - day period: at least 50
" Daily average air temperatureina | 3 - day periodt at least 100 °C
" Sumof Growing Degreesina | 7 - day period: atleast 300  degree-days
1
~ Onset

j st accurrence.
gz !26 February 2050 ‘

‘—f',;‘,:m,““"‘““g""h Accept | 26 February 2050

| X cancel | K> Main Menu_|— (Soving 26 Februsty 2050)

Figure 2.10c — Selection of a temperature criterium
in the Onset based on rainfall or air temperature menu

The following criteria can be selected to determine the onset of the growing cycle based

on air temperature:

- The daily minimum air temperature, in each day of a given number of successive
days, is equal to or exceeds a specified minimum air temperature;

- The daily average air temperature, in each day of a given number of successive days,
is equal to or exceeds a specified average air temperature;

- The sum of Growing Degrees in a given number of successive days is equal to or
exceeds the specified growing degree days;
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- The cumulative Growing Degrees since the start of the search period are equal to or
exceed the specified growing degree days.

The first occurrence of the onset date is the first date for which the selected criterion

holds. The next 10 occurrences of onset days are displayed when clicking on the <Next
days> command.
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2.11 Irrigation

The selected irrigation management can be displayed in the Display of irrigation
management menu and updated in the Irrigation management menu (Fig. 2.11a).
Various irrigation modes can be considered in AquaCrop. One opts for (i) rainfed
cropping (no irrigation in season), (ii) the determination of Net irrigation water
requirement, (jii) an irrigation schedule by specifying the events or (iv) the generation of
an irrigation schedule by specifying a time and depth criterion.

il
G i of irri
Mode | Iigaon method | Timeand Depth crtia

- Mode (for growing cycle)
€ Rinfed cropping (o igaton n seasari
€ Determinaton o Net rigation waler requiement

" Inigaton Schedle
Timing and Depih of each event are specilied by the user

@ [Generation of Irigation Scheduie|

Titing and Deplh aie deteimined by celecied citeria

File [fone)

[ X Concel K Main Menu (= save on disk|

Figure 2.11a
The selection of the mode in the Irrigation management menu

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

2.11.2 Determination of net irrigation water requirement
When selecting this option, AquaCrop will calculate during the simulation run the

the specified threshold. The threshold for the allowable root zone depletion can be
adjusted.

The total amount of irrigation water required to keep the water content in the soil profile
above the threshold is the net irrigation water requirement for the period. The net
requirement does not consider extra water that has to be applied to the field to account for
conveyance losses or the uneven distribution of irrigation water on the field.

2.11.3 Irrigation schedule (specified events)

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

=loix
Irrigation schedule
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Canopy Cover 7 |S June 2000 -1 50 14
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Clear AllEverls
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amount of water required to avoid crop water stress. When the root zone depletion ) ) _ Figure 2.11b o

exceeds a given threshold value (50% of RAW is the default), a small amount of of the time, depth and water quality for irrigation events
irrigation water will be stored in the soil profile to keep the root zone depletion just above
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2.11.4 Generation of irrigation schedules

At run time irrigations can be generated by specifying a time and a depth criterion. The ‘ no ‘ irrigation interval: 7 days ‘ no ‘
time criterion specifies “When’ an irrigation has to be applied while the depth criterion ‘ irrigation applied irrigation amount: 40 mm irrigation
determines ‘How much’ water has to be applied. After the selection of the criteria the

values linked with the time, depth criteria and water quality have to be specified (Fig. i ':‘,{;_4; '::j,:.'f 'E;,:f,s
2.11c). The values specified at a specific day of the cropping period will be valid till the sowing maturity

date where another value is specified or to the end of the cropping period when no values
at later dates are specified. As such one can adjust the values to crop development or the
time in the season. In Figure 2.11d the generated irrigation schedules as defined in Figure
2.11c is presented.

The time and depth criteria with their corresponding parameters that need to be specified
are listed in Tables 2.11a and 2.11b.

i
G ion of irri
Mode | Irigaon method ~ Time and Depth e |
[~ Inigation water quality —|
Depth Criteria good ] ‘
TinoGitora—| G, EKI0PRHCRY | £ 55 oluc/m)
@ Fised net applcation
 Fuedinterval
 Allowable depleton [ water)
€ Alowable deplefion % of RAW)
¥ assin
Dy No, 1 gy T aftersoming 22Maich 1979 |
valid Figm When? Depth?  Quality
|Eale DayNo.[intervl(daye]— [Depth el [ d/m H
22Mach 1573 T o o 04
el I a 7 @ 08
e 2al | [Erwis 118 100 “ o
NAVAR
AN
Canopy Cover
Thsholds
| =l
L( Day No_ 125 - maturity: 24 July 1979 }J Clear Al Events |

‘ X Cancel B> Main Menu = Save on disk]

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,
and the irrigation water quality deteriorates
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Figure 2.11d
Generated irrigation schedules as defined in Figure 2.11c.

Table 2.11a

Time criteria with corresponding parameter

Criterion Parameter

Fixed interval (days) | Interval between irrigations (for example 10 days)
Allowable depletion Amount of water that can be depleted from the root zone
(mm water) (the reference is soil water content at field capacity) before

an irrigation has to be applied (for example 30 mm)

Allowable depletion Percentage of RAW that can be depleted before irrigation

(% of RAW) 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 the amount of irrigation water
(+/- extra mm water) required to bring the root zone back to Field Capacity. The

specified value can be zero, positive or negative:

= zero : the applied irrigation will bring the soil water
content in the root zone at Field Capacity (reached at
the end of the day);

= positive: an over irrigation is planned for example for
leaching purposes (for example + 20 mm);

® negative: an under irrigation is planned for example to
profit from expected rainfall (for example — 10 mm)

Fixed application depth | Net irrigation application depth
(mm water)
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2.11.5 Irrigation method

Many types of irrigation systems wet only a fraction of the soil surface. Since only part of
the soil surface is wetted, less water evaporates from the soil surface after an irrigation
event. By selecting an irrigation method, an indicative value for the fraction of soil
surface wetted is assigned (Tab. 2.11c). The user can alter the value if more specific
information is available from field observations.

Table 2.11c

Indicative values for the fraction of soil surface wetted for various irrigation
Irrigation hod Soil surface wetted (%)
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

2.11.6 Irrigation water quality

Since the quality of the irrigation water can alter during the season, it has to be specified
for each irrigation event (see 2.11b and 2.11c). The quality is expressed by the electrical
conductivity of the irrigation water (EC,,) in deciSiemens per meter (dS/m). When the
quality of the irrigation water remains constant over the crop cycle the constant EC,, can
be assigned for all irrigation events. Indicative values for EC,, for various classes of
irrigation water are listed in Table 2.11d.

Table 2.11d
Indicative values for the quality classes of the irrigation water (EC,,)
Range of EC,, Class
Electrical C ivity (dS/m) Quality of irrigation water

0..02 excellent
3. 10 good
0 ..20 moderate
1..30 poor
>3.0 very poor
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2.12 Field t

The selected field management can be displayed in the Display of field management
menu and updated in the Field management menu (Fig. 2.12a). Options of soil fertility
levels and practices that affect the soil water balance are specified in this menu.

i

Descrpron | Sciferily | Muiches | Fiad sufzos prastise |

[xcm & Progam soting: | (10 Wain Wonul| I seve endek

Figure 2.12a.
Field management menu

2.12.1 Soil fertility

For limited soil fertility, the biomass production declines as result of the effect of soil
fertility on (i) canopy development (CC) and hence on crop transpiration and on (ii)
biomass water productivity (WP*). The maximum biomass production that can be
expected as a result of soil fertility stress is specified by:

- selecting one of the classes ranging from non limiting to very poor (Tab. 2.12a), or

- specifying directly the biomass production in the Field management menu.

The selected biomass production is the production that can be expected for the given
climatic conditions in absence of any other stresses. The crop response on soil fertility
will be different if additionally stresses occur during the season.

AquaCrop displays for the selected maximum biomass production (i) the canopy
development, (ii) the water productivity corresponding to the amount of biomass
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produced, (iii) the expected maximum biomass production, (iv) the calibrated biomass —
stress relationship, and (v) the adjusted values for particular cop parameters (Fig. 2.12b).

Table 2.12a

Classes, corr ing default values, and ranges for soil fertility.

Class Default value Range

Non limiting 100 % 99 - 100 %

Near optimal 80 % 76 -98 %

Moderate 60 % 56-75%

About half 50 % 45-55%

Poor 40 % 35-44 %

Very poor 25 % 34-20 %
=loix|
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Figure 2.12b
Display of the crop response
for the selected biomass production in the Field menu
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The biomass — stress relationship (Fig. 2.12c), calibrated in the Crop characteristic
menu, determines the corresponding soil fertility stress and as such the values for the
stress coefficients (Ksexp.r, Kswe, Ksccx fepectine)-

=lalx|
Desciption  Soilfetity | Muiches | Field suface practices |
Biomass production [T -] 3|*
(. soil frtily stress : afect
Info. | Canopy | Water Productiviy | Biomass Biomass -Stiss |
Biomass.
0%
0%
0%
2%
0%
o 2% 0% 60% % %
Soil fertility stress
[ ¢ comal | _ 4 Progam stings | g Main enu | B swveondk

Figure 2.12¢
Display of the calibrated Biomass - stress relationship
in the Field management menu
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2.12.2 Mulches
Mulches covering the soil surface will affect soil evaporation. Depending on the type of
mulches and the fraction of the soil surface covered, the reduction in soil evaporation
might be more or less substantially. The user specifies:
- the degree of soil cover;
- the type of surface mulches.
o Synthetic plastic mulches, which reduce completely the evaporation of water
from the soil surface (100 %)
o Organic mulches, which consists of unincorporated plant residues or foreign
material imported to the field such as a straw, and reduce the soil evaporation
by 50%,
o User specified mulches, for which the reduction in soil evaporation losses
needs to be specified by the user.
The corresponding total reduction in soil evaporation and the relative soil evaporation (or
soil water evaporation coefficient and crop transpiration coefficient), are displayed (Fig.
2.12d).
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Figure 2.12d
Display of the effect of mulches on soil evaporation
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2.12.3 Field surface practices

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

excessive irrigation will be lost as surface runoff:

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

- Soil bunds are built to store water on the field (as is the case in rice paddy fields).
When bunds are present, the user specifies the height of the bunds (Fig. 2.12e).

_imix]
Descrpion | Soiferity | Mulches ~ Field suface practces |

Surface Runoff occurence
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& No ing practics, idges el

Soil Bunds
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Figure 2.12¢
Selection of soil bunds as field management
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2.12.4 Program settings
From the Field management menu the user has access to the program setting of field
parameters listed in Table 2.12b.

Table 2.12b

Program settings affecting soil evaporation

Symbol | Program p Default

= Soil depth from which evaporation can extract water out of the 30cm
top of the soil profile
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2.13 Soil profile characteristics

The selected characteristics of the various soil horizons and of the soil surface layer, the
presence of a restrictive soil layer that might block the root zone expansion, and the
maximum possible capillary rise are displayed in the Display of soil profile
characteristics menu and updated in the Soil profile characteristics menu (Fig. 2.13a).

oil profile chara

~=lolx|

Desrption | i | | Coptayiie |

E:/

Description
[Decp foamy sai

[ 3¢ ot | 4 Prmom st Hses

Figure 2.13a
Soil profile characteristics menu

2.13.1 Soil horizons and their physical characteristics

The soil profile can be composed of up to five different horizons, each with their own
physical characteristics. The soil data consist of the various soil horizons, their
volumetric water content at saturation, field capacity, and permanent wilting point, and
their hydraulic conductivity at soil saturation.

= Soil water content at saturation, field capacity and permanent wilting point
- Saturation. When the total pore volume is filled with water, the soil water
content is at saturation. Such conditions are rather uncommon in the root zone due
to entrapped air and vertical drainage. Saturated conditions generally only exist
when the groundwater table is in or near the root zone.
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- Field Capacity is the quantity of water that a well-drained soil would hold
against the gravitational forces. It is the upper limit for the plant extractable water.
Although the soil matric potential at field capacity varies somewhat with the soil
type and environmental conditions, the water content at a matric potential of —10
kPa (pF 2.0) up to — 33 kPa (pF 2.5 or 1/3 bar) is often considered as field
capacity.

- Permanent Wilting Point is the soil water content at which plants stop extracting
water and will permanently wilt. It is as such the lower limit of the plant
extractable water. Although permanent wilting point may somewhat vary for
different crops, plant age and root distribution it is generally accepted that the soil
water content at a matric potential of —1.5 MPa (pF 4.2) is a representative value
for the permanent wilting point.

= Saturated hydraulic conductivity (Ks,). The hydraulic conductivity expresses the
property of the soil to conduct water through a soil. When the soil is saturated all
pores are filled with water and the value for the hydraulic conductivity is at its
maximum. The saturated hydraulic conductivity or permeability defines the rate for
the soil layer to transmit water through the saturated soil under the influence of
gravity.

= Total Available soil Water (TAW) and drainage coefficient (tau). From the
specified hydraulic characteristics, AquaCrop determines for each soil horizon the
total amount of soil water (TAW) that is available for crop transpiration and the
drainage coefficient (tau). TAW is the amount of water held in the soil between field
capacity and permanent wilting point. The dimensionless drainage coefficient is used
for the simulation of the downward water movement in the soil profile (Chapter 3).

2.13.2 Indicative values for soil physical characteristics

The amount of water remaining in the soil at saturation and field capacity varies with the
soil texture, organic matter content and structure. The clay and organic matter content of
a soil horizon predominantly define its soil water content at permanent wilting point. The
saturated hydraulic conductivity (K, does not only vary between soil types, but even for
one specific soil type, a typical K¢, value does not exist. Even in a single field, it is not
uncommon to measure rather important variations for Ky, in space and time as a result of
variations in soil structure, bulk density, biological activity and soil management.

The user can make use of indicative values provided by AquaCrop for various soil
textural classes (Tab. 2.13a), or import locally determined or derived data from soil
texture with the help of pedo-transfer functions (Box 2.13). The values presented in Table
2.13a or derived with the help of pedo-transfer functions are only indicative values. They
are not intended to replace measurements.

By selecting the <Update list of soil type characteristics> command in the Soil Profile
characteristics menu, the indicative values for the soil hydraulic characteristics can be
updated and soil types can be added or removed from the list. The characteristics are
stored in the file ‘SOILS.DIR’ of the AquaCrop directory.
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Table 2.13a
Default soil physical characteristics for various soil types (listed in Soils.DIR)
Soil type soil water content Saturated
Saturation Field Permanent hydraulic
Capacity Wilting Point ivil
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-transfer functions available in the
Hydraulic Properties Calcul
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Calculator developed by the USDA Agricultural Research Service in cooperation with
the Washington State University (Keith E. Saxton: ksaxton@wsu.edu) available at

Internet: http://http//hydrolab.arsusda.gov/soilwater/Index.htm
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2.13.3 Characteristics of the soil surface layer

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

2.13b) and the Readily Evaporable Water are derived and displayed (Fig. 2.13b).

- The Curve Number (CN) is required for the simulation of the surface runoff (see
Chapter 3) and its value refers to the value for antecedent moisture class IT (AMC II).

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

The user can specify other than the displayed default values for CN and REW if specific

information about the soil surface is available.

Table 2.13b
Default CN values for various saturated hydraulic ivities of the top horizon
Saturated hydraulic conductivity (Kg) CN default value
mny/day for AMC I
>250 65
250 - 50 5
50-10 80
<10 85
=lBi x|
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Figure 2.13b
Characteristics of the soil surface layer
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2.13.4 Restrictive soil layer

If an impermeable soil layer blocks root development, the user specifies its depth (Fig.
2.13c). The root zone expansion is halted once the restrictive soil layer is reached (see
2.9.2 Development and 2.9.3 Evapotranspiration). If also water movement is hampered
depends on the specified characteristics of the soil horizons below the restrictive layer
(section 2.13.1)

~iix]
Desciption || Ch | Sol suface |

Restrictive soil layer
blocking root zone expansion

" No restiictive soil layer
& Pestictive lajer at | 1.00 2] meter

[ X Concel | 4 Program settings | > Main Menu | o soveas

Figure 2.13c
Restriction soil layer blocking root zone expansion
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2.13.5 Capillary rise
In the ‘Capillary rise’ tab sheet the user can study the maximum possible upward flow to
the top soil for various depths of the groundwater table (Fig. 2.13d). If the water potential
gradient in the soil profile is not strong enough, the capillary rise will be smaller than
indicated (see Chapter 3).
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Figure 2.13d - The Capillary rise tab sheet in the Soil profile characteristics menu

The maximum possible capillary rise is calculated with an exponential equation (Chapter
3). The default a and b parameters, describing the capillary rise for each soil horizon, are
obtained by considering the class of the soil type and the saturated hydraulic
conductivity. With the spin buttons the user can calibrate the a and b parameters for each
soil horizon and match the observed maximum possible upward flow with the simulated
and plotted capillary rise. By selecting the <Parameters> button, the calibrated and
defaults values for the a and b parameters are displayed. By hitting on the <Reset>
button, the user undoes the calibration and the a and b parameters are reset at their default
values.
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2.13.6 Program settings
From the Soil profile characteristics menu the user has access to the program settings
affecting the simulation of surface runoff, soil salinity and capillary rise (Tab. 2.13c).

Table 2.13¢
Program settings affecting surface runoff and soil salinity

Symbol | Program Default

Surface runoff

= Adjustment of the CN value to the relative wetness of the Yes
topsoil (The CN values for the three different antecedent
moisture classes (AMC) are displayed)

= Default thickness of the topsoil that will be considered for the 30 cm
determination of its wetness (required for the determination of

Soil salinity

= Salt diffusion factor (expressing the capacity of salt diffusion 20 %
in the soil matrix

= Salt solubility 20 g/liter

Capillary rise

= Shape factor for effect of soil water content gradient on 16

capillary rise

Reference Manual, Chapter 2 — AquaCrop, Version 4.0 June 2012 2-111

2.14 Groundwater characteristics

The selected characteristics of the groundwater can be displayed in the Display of
groundwater characteristics menu and updated in the Groundwater characteristics
menu. The user can choose between the presence or the absence of water table. The
considered characteristics of the groundwater table are its depth below the soil surface
and its salinity.

2.14.1 Constant depth and salinity

If the characteristics remain constant during the season the user specifies the deptjh and
salinity of the groundwater table (Fig. 2.14a). The characteristics are graphically
displayed in the Plot tab sheet.
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Characteristics of groundwater table
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Figure 2.14a — Specifying the constant characteristics of a groundwater table
in the Groundwater table tab sheet of the Groundwater characteristics menu.
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2.14.2 Characteristics vary throughout the year(s)

The characteristics can vary throughout the year. The characteristics are specified in the
Groundwater table tab sheet (Fig. 2.14b and 2.14d) and graphically displayed in the Plot
tab sheet (Fig. 2.14c and 2.14e). The characteristics of the groundwater table for days
between specified day numbers will be obtained at run time by means of linear
interpolation.

= Characteristics are not linked to a specific year

If the characteristics are not linked to a specific year, linear interpolation also applies
between the characteristics specified on the last and first day number (Fig. 2.14b and
2.14c).
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Figure 2.14b — Specifying the variable characteristics of a groundwater table not linked
to a specific year in the Groundwater characteristics menu.
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Figure 2.14¢ — Graphical display of the variable characteristics of a groundwater table
not linked to a specific year in the Groundwater characteristics menu.

= Characteristics are linked to specific year(s)

If the characteristics are linked to specific year(s), linear interpolation is only applied
between the characteristics specified on the day numbers (Fig. 2.14d and 2.14e). The
characteristics for days before the first specified day number are identical to the
characteristics specified on the first day number. The characteristics specified on the last

day number remain valid for all successive days.
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Figure 2.14d - Specifying the variable characteristics of a groundwater table linked to a

specific year in the Groundwater characteristics menu.
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2.15 Simulation period
The selected simulation period for a simulation run can be displayed in the Display of
Desipin | ottt Pl | simulation period menu and adjusted in the Simulation period menu (Fig. 2.15). The
'l‘ﬂj' mEDNE] length of the growing cycle and range of available climatic data is given as a reference in
B e it et the menu.
A s
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Figure 2.14e — Graphical display of the variable characteristics of a groundwater table
linked to specific years (2000 and 2001) in the Groundwater characteristics menu.
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Figure 2.15
Specification of the simulation period in the Simulation period menu

The user adjusts the range of the simulation period by specifying the first and last day,
month and eventually year. The simulation period can be shorter, longer or linked with
the growing cycle as long as the period does not exceed the range of climatic data. If no
climate file is selected, the user can select any simulation period but will have to specify

the climatic data at run time.

The graph in the menu displays on a time axis (i) the length of the cropping period
(Crop), (ii) the selected simulation period (Simulation), and (iii) the length of the period

for which climatic data is available (Data).
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2.16 Initial conditions

The information used by AquaCrop at the start of each simulation run can be displayed in
the Display of initial conditions menu and adjusted in the Initial conditions menu (Fig.
2.16a).
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Figure 2.16a
Specification of the initial soil water content in the Initial conditions menu

2.16.1 Initial soil water content

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

The initial soil water conditions are strongly determined by the climatic conditions (ETo
and Rain) and irrigation applications in the period before the simulation period. If the
simulation period starts at the end of a very rainy season, the soil water content of the soil
profile might be close to field capacity. If the simulation starts in the hot dry season, the
topsoil might be wet by pre-irrigation but the subsoil will be dry and the water content
close to wilting point.
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2.16.2 Initial soil salinity

The soil salinity at the start of the simulation run can be adjusted by by (i) specifying the
Electrical Conductivity of the saturated soil-paste extract (ECe) at particular depths of the
soil profile, (ii) specifying it for specific layers, or by (iii) setting the whole soil profile at
a specific ECe (Fig.2.16b).

B incilcondicions ~laix]
e [ e e |
Specify soil water and salinity content
@ at particular depths (linear interpolation applied)
" for specific layers
epth(s) considered Solwatepoe Sl sty e
E

depth content  sality Soil salinity profile

L vol % dS/m ECe (saturated soil-paste extract] dS/m
1 [o10 Zw [
2[om o [0
3 =
o [0 [em [0
5]100 1000 *— <= set ECe at

| X Corcel || &4 Prooram Settngs | > Main Menu | Do |

Figure 2.16b
Specification of the initial salinity in the soil profile in the Initial conditions menu
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2.16.3 Water between soil bunds

If the field is surrounded by soil bunds (see 2.12 Field management) the depth of the
water layer on top of the soil surface and its water quality at the start of the simulation
run can be specified (Fig. 2.16¢c).
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Figure 2.16¢
Specification of the depth and quality between soil bunds at the start of the
simulation period in the Initial conditions menu
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2.16.4 Program settings
In program settings the user can adjust the number and size of the soil compartments and
alter the setting assumed at the start of the simulation run.

= Soil compartments

To describe accurately the retention and movement of water and salts in the soil profile
throughout the growing season, AquaCrop divides the soil profile into small fractions
(see Soil water balance in Chapter 3). The soil profile is divided into soil compartments
(12 by default) with thickness Az (0.10 m by default). However, after the crop selection
AquaCrop will adjust the size of the compartments to cover the entire root zone if the
maximum rooting depth exceeds 1.20 meter. For deep root zones, Az is not constant but
increases exponentially with depth, so that infiltration, soil evaporation and crop
transpiration from the top soil layers can be described with sufficient detail. The
hydraulic characteristics of each compartment are that of the soil horizon to which it
belongs. In program settings the user has the option to overwrite the AquaCrop settings
by adjusting the number and thickness of the soil compartments.

= Setting at the start of the simulation run

When starting a new simulation run, the soil water content and soil salinity conditions in
the soil profile are by default reset to the specified initial conditions (see 2.16.1 and
2.16.2). This is correct when successive simulation runs are not linked in time or apply to
different fields. With the ‘Keep’ option the soil water content and soil salinity at the end
of a simulation run becomes the soil water content and/or soil salinity at the start of the
next run. This assumes that the various runs refer all to one particular field and are
successive in time (one crop after another is cultivated in the same field). It is obvious
that in such cases the user can no longer alter the soil type.
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2.17 Off conditions

If the simulation period (see 2.15 Simulation period) is not fully linked with the growing
cycle but starts before the planting or sowing of the crop or finishes after the moment of
maturity, the management conditions outside the growing cycle needs to be considered.
The information used by AquaCrop in the off-season (such as the presence of mulches,
the occurrence of irrigation events and the quality of the irrigation water outside the
growing cycle) can be displayed in the Display of off-season conditions menu and
adjusted in the Off-season conditions menu (Fig. 2.17a and 2.17b).

2.17.1 Mulches in the off-season

The soil cover (mulches) of the fallow land before and/or after the growing cycle and the
type of surface mulches can be specified (Fig. 2.17a). The soil cover will reduce the
evaporation losses from the non-cropped land.
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Figure 2.17a
Specification of mulches in the Off-season conditions menu
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2.17.2 Irrigation events in the off-season

Irrigation events can be scheduled before and after the growing cycle (Fig. 2.17b). This
allows the users to simulate a pre-irrigation before the sowing or planting of the crop or
to schedule irrigations out of the crop season to leach accumulated salts out of the root
zone. The quality of the irrigation water, which may differ from the quality in the season,
is specified by selecting an irrigation water quality class (Tab. 2.17) or by specifying a
value for the electrical conductivity of the irrigation water.
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Figure 2.17b
Specification of a pre-irrigation in the Off-season conditions menu

Table 2.17
Classes and corresponding default values for the quality of the irrigation water.
Class Electrical Conductivity (dS/m)

Quality of irrigation water Default value Range

excellent 0 0.0 ... 0.2

good 04 3. 10

moderate 1.0 11 .20

poor 1.7 2.1 .30

very poor 2.5 >3.0
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2.18 Project characteristics

When running a simulation, initial conditions applicable at the start of the simulation
period and environmental conditions relevant during the simulation period are
considered. If the simulation period does not fully coincide with the growing cycle of the
crop, off-season conditions valid outside the growing period will be considered as well.
Before running a simulation, the user can specify in the Main menu the sowing date, the
simulation period and the appropriate environmental, initial and off-season conditions
(Project file is ‘None’). The user can also load a project file containing all the required
information for that run.

Once a project file is selected, its characteristics can be displayed in the Display of
project characteristics menu and adjusted in the Project characteristic menu. Once the
project file is selected, the <Select/Create> and the <Display/Update> commands for
climate, crop, irrigation, field, soil profile, groundwater, initial and off-season conditions
are no longer available in the Main Menu (Fig. 2.18a). By clicking on the <UNDO
selection> command, one return to the default settings considered at the start of
AquaCrop (see 2.3 Default settings at start).
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Figure 2.18a
Main menu once a project file is selected.
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2.18.1 Single run and multiple run projects

Distinction is made between projects containing the required information for a single
simulation run (with ‘PRO’ as the filename extension) or projects consisting of a set of
successive runs, the so called multiple run projects (with ‘PRM’ as the filename
extension).

‘With a multiple run project the user can asses the effect of weather conditions (rainfall,
evaporative demand and air p ) on crop d and production by
running a particular simulation for a number of successive years. A multiple run project
can also be used to simulate a crop rotation (successive crops).

A project file contains:

— the period(s) of the growing cycle (from day 1 after sowing/transplanting to crop
maturity);

— the simulation period(s): the first and last day of the simulation period need not to
coincide with the growing cycle;

— the file names (with their directory) containing the characteristics of the selected
environment (climate, crop, irrigation management, field management, soil profile,
and groundwater file);

— the file names (with their directory) containing the initial and off-season conditions;
and

— the specific program settings for the run(s).

If no file names are specified the default conditions are considered (see 2.3 Default

settings at start).

Reference Manual, Chapter 2 — AquaCrop, Version 4.0 June 2012 2-125




2.18.2 Selecting and creating a project

= Selecting a project

Since the single and multiple run projects have different file extensions, the list of project
files displayed in the Select project file menu depends on the selected type of projects
(Fig. 2.18b).
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Figure 2.18b
The Select project file menu where the user can select a project file from one of the
displayed lists of projects (single run or multiple runs projects) and can indicate
which type of project needs to be created (Single simulation run; Successive years
(multiple runs); Crop rotation (Multiple runs)

= Creating a project

When creating a new project file, the user specifies the type of file:
- Single simulation run;

- Successive years (multiple runs); or

- Crop rotation (multiple runs).
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Create project (single run)
The user selects:
- the climate file;
- the crop file, and specifies
- day 1 after sowing/planting, or
- select a criterion (see 2.10.2 Generate onset) to generate an onset day (only
available if a climate file is selected);
- the irrigation file;
- the field management file;
- the soil profile file;
- the groundwater file;
- the simulation period;
- the file with initial conditions; and
- the file with off-season conditions (only available if the simulation period is not
linked with the growing cycle).
The selected crop growing cycle and simulation period are displayed by selecting the
<Calendar> command.
If no file is selected default conditions are considered (see 2.3 Default settings at start).

Create project (multiple runs) - successive years
The user selects:
- the climate file;
- the crop file, and specifies
- day 1 after sowing/planting, or
- select a criterion (see 2.10.2 Generate onset) to generate an onset day (only
available if a climate file is selected); and
- the year at which the series of successive years start;
- the common irrigation file;
- the common field management file;
- the soil profile file;
- the common groundwater file;
- the simulation period by specifying:
- day 1 of the initial run;
- the simulation period for the next runs (only available if a climate file is
selected);
- the file with initial conditions;
- the initial conditions for next runs (only available if a climate file is selected);
- the common file with off-season conditions (only available if the simulation period is
not linked with the growing cycle); and
- the number of years.
The determined crop growing cycles and simulation periods for the successive years are
displayed by selecting the <Calendar> command (Fig. 2.18¢c).

If no file is selected default conditions are considered (see 2.3 Default settings at start).

If the selected irrigation management, field management, and/or file with off-season
conditions are not common between the successive years, the selection can be adjusted in
the Project characteristics menu (see 2.18.3).
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Figure 2.18¢
The calendar in the Create project iple runs) — ive years menu, i
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Create project (multiple runs) — crop rotation
The user selects:
- the climate file;
- the number of crops, and specifies for each of the crops:
- the crop file; and
- day 1 after sowing/planting (Fig. 2.18d);
- the common irrigation file;
- the common field management file;
- the soil profile file;
- the common groundwater file;
- the simulation period by specifying:
- day 1 of the initial run; and
- the simulation period for the next runs (only available if a climate file is
selected);
- the file with initial conditions;
- the initial conditions for next runs (only available if a climate file is selected); and
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- the common file with off-season conditions (only available if the simulation period is
not linked with the growing cycle).

The determined crop growing cycles and simulation periods for each of the crops of the

rotation are displayed by selecting the <Calendar> command.

If no file is selected default conditions are considered (see 2.3 Default settings at start).

If the selected irrigation field and/or file with
off-season conditions are not common in the crop rotation, the selection can be adjusted
in the Project characteristics menu (see 2.18.3).

Create project (multiple runs) - crop rotation:
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Figure 2.18d
Crop file management in the Create project (multiple runs) — crop rotation menu
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2.18.3 Updating project characteristics

In the Project characteristics menu (Fig. 2.18e), the user can:
select other crop file(s), irrigation file(s), field management file(s), another soil
profile file, groundwater file(s), file(s) with initial conditions, and file(s) with off-
season conditions.
With the exception of the climate file, the soil profile file and the crop file (if
successive years are considered), the files need not to be common between the
simulation runs of a multiple runs project;

- alter the start of the growing cycle;

alter the start and the end of the simulation period; and

update the program settings.
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2.19 Field data

Figure 2.18¢
The Project characteristics menu
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2.19.1 Access to field data menus and data base

Next to (i) the crop selection and the description of the environment (Environment and
Crop panel), (ii) the selection of the simulation period, and the initial and off-season
conditions (Simulation Panel), and (iii) the selection or description of projects, the user
can enter field data in the Main menu of AquaCrop.

By means of the <Select/Create Observation file> command in the Main menu the user
has access to the data base where the data files are stored or can create new data files.
The default data base is the OBS subdirectory of the AquaCrop folder. With the <Path>
command the user can specify other directories.

From the Main menu the user can display the observed field data in the Display of field
data menu. This is done by clicking on the file name or the corresponding icon in the
Main menu. By selecting the <Display/Update Field data> command, the field data can
be displayed, specified or updated in the Field data menu.

B8 Moin menu _ialx
Environment and Crop
Climate
Cinate one] Speciy cmatc data when Rurring AquaCiop
mp
Groming cycle: Dy ate soming: 22 March - Maury: 24July
W a2 geneiic crop
Management

M FE—
I e AT —

Soil
E Sol e DEFAULTSOL  Desploamy sol
Grounduater |—Won) o shalow goundwate table

Simulation —  simustion peiiod ’—

[ I @ SelectDieate Fidddatafle | Pan
[y 2=

L) Gifseeson F& > Display/Updte Fiekd dota

Project—— —  FPoext ‘—

Field data—§= e [Ip—

@ Exit Progiam

Figure 2.19a - The <Select/Create Field data file> and the <Display/Update Field
data> command in the Main menu.
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2.19.2 Specifying field data

In the Field data menu, the user specifies the observed field data which can consists of
observed green canopy cover (CC), dry above ground biomass (B) and/or soil water
content (SWC) collected at a number of specific days (Fig. 2.19b). The mean value
together with its standard deviation can be specified if various observations were made
during the sampling at a specific day. The soil water content is the total water content in a
well defined zone (e.g. root zone). Therefore the soil depth, for which soil water contents
were calculated, has to be specified.

S
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Figure 2.19b — Specifying observations at particular days in the Field data menu.
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2.20 Simulation run

2.20.1 Display of simulation results

Simulation results are plotted in the Simulation run menu in a number of graphs which
are updated at the end of each daily time step (Fig. 2.20a, b, ¢, d and e). From such plots
the user can follow throughout the simulation run the effects of water, temperature,
fertility and salinity stress on crop development and production, and switch between
several displays, each of a different set of outputs, presented in different folders. The
capacity of simulating in short time steps and switching between several folders is
particularly useful if one wants to study the effect of a particular event on a specific
parameter.
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Figure 2.20a
Graphical displays of Climate-Crop-Soil water output in the Simulation run menu

= Climate-Crop-Soil water sheet

The Climate-Crop-Soil water sheet (Fig. 2.20a) contains graphs with plots of (i) the soil
water depletion of the root zone (Dr), (ii) the corresponding development of the green
canopy cover (CC), and (iii) the transpiration (Tr), plotted as functions of time.
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The absence of rain and irrigation during long periods might led to a drop in root zone
water content below the threshold (green line) affecting canopy expansion. This will
result in a slower canopy development than expected. In the canopy cover graph (CC) the
canopy cover without water stress is plotted in light gray in the back portion of the figure
as a reference. More severe water stress will result in stomata closure (red line), resulting
in reduced crop transpiration. In the transpiration graph (Tr), the maximum crop
transpiration that can be reached when the crop is well watered is plotted in light gray in
the back as a reference. Severe water stress might even trigger early canopy senescence
when the root zone depletion exceeds the threshold for senescence (yellow line).

= Sheet with selected parameter

In the second sheet of the Simulation run menu, the user can select particular parameters
for further analysis (Tab. 2.20a). Several crop parameters and parameters of the soil water
and soil salinity balance can be selected and the scale for the plot can be adjusted (Fig.
2.20b).
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Figure 2.20b
Selection of a parameter for display in the Simulation run menu
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Table 2.20a
Parameters of the soil water balance, crop parameters, and parameters concerning
soil salinity that can be selected for display in the
Symbol Descripti

tion
Parameters of the soil water balance
Drain Deep percolation mm
Sum(Drain) | Deep percolation (cumulative) mm
ET Evapotranspiration mm
Sum(ET) Evapotranspiration (cumulative) mm
ETx Evapotranspiration (maximum) mm
ET/ETx Evapotranspriation (relative) %
Inf Infiltrated water mm
Sum(Inf) Infiltrated water (cumulative) mm
Trri Trrigation mm
Sum(Irri) Irrigation (cumulative) mm
Rain Rainfall mm
Sum(Rain) | Rainfall (cumulative) mm
Evap Soil evaporation mm
Sum(E) Soil evaporation (cumulative) mm
Ex Soil evaporation (maximum) mm
E/Ex Soil evaporation (relative) %
Runoff Surface runoff mm
Sum(RO) Surface runoff ive) mm
Crop parameters
Biomass Biomass produced (cumulative) ton/ha
B(rel) Biomass produced (relative) %
Sum(Tr) Crop transpiration (cumulative) mm
Tr/Trx Crop transpiration (relative) %
GDD Growing degrees °C-day
HI Harvest Index (HI) %
z Effective rooting depth m
WP Water Productivity (WP) om’
Yield Yield ton/ha
Parameters concerning soil salinity
Saltln Salt infiltrated in the profile ton/ha
Sum(Sin) | Salt infiltrated in the profile (cumulative) ton/ha
SaltOut Salt drained out of the profile ton/ha
Sum(Sout) | Salt drained out of the profile (cumulative) ton/ha
SaltUp Salt moved upward from groundwater table ton/ha
Sum(Sup) | Salt moved upward (cumulative) ton/ha
SaltTot Salt stored in the profile ton/ha
SaltZ, Salt stored in the root zone ton/ha
ECe EC of saturated soil-paste extract from root zone dS/m
ECsw EC of soil water in root zone dS/m
ECgw EC of groundwater table dS/m
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= Soil water profile sheet

In the soil water profile sheet of the Simulation run menu, the simulated water content in
the various compartments of the soil profile is adjusted for every day of the simulation
period.

= Soil salinity sheet

In the soil salinity sheet of the Sis ion run menu, the simulated soil salinity profile
and the parameters of the salt balance in the soil profile and root zone are adjusted for
every day of the simulation period (Fig. 2.20c).
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Figure 2.20c
Display of the soil salinity profile and the salt balance in the Simulation run menu
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= Climate and Water balance sheet

In the Climate and Water balance sheet of the Simulation run menu, values are given for
soil evaporation, crop transpiration, surface runoff, infiltrated water, drainage, and
capillary rise. The irrigation events are displayed in the Irrigation Events menu (Fig.
2.20d).
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Figure 2.20d

Display of the parameters of the climate and soil water balance in the Simulation
run menu and the irrigation events in the Irrigation Events menu
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= Production sheet

In the Production sheet of the Simulation run menu, information is given on the ante and
post-anthesis impact of water stress on the adjustment of HI (Fig 2.20e). The simulated
amount of biomass produced and the biomass that could have been produced in the
absence of water, soil fertility and salinity stress are displayed as well. Information is also
given on the ET water productivity (yield per unit of evapotranspired water).
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= Totals Run sheet
In the Totals Run sheet of the Simulation run menu, information is given on totals of a
selected number of parameters (Tab. 2.20b) at the end of each simulation run (Fig. 2.20f).
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Figure 2.20f
Information on the simulated yield and total rainfall (during the simulation period)
for the successive years of a multiple run project in the Simulation run menu

Figure 2.20e

Information on biomass production, ET water productivity, and the ante and post-

anthesis impact of water stress on the adj of HI in the Si; ion run menu
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Table 2.20b = Simulated environment sheet

Parameters that can be selected for display in the Simulation run menu In the Simulated environment sheet of the Simulation run menu, the selected input files
Symbol | Description Units for the simulation run are displayed and the program settings can be checked (Fig. 2.20g).
Rain Rainfall mm

ETo ETo mm =lo1x|
GD GD °C & toendof smuation un — [ 8 averae
co |cox oo e B (e

. - uly

Irri Irrigation mm Bt [ i C todate [ ~f[api — ~][ 1980 Fsm\ ferity.

Inf Infiltrated water mm Rain [ mm/day | gureyr roieion [ e

RO Runoff mm Imi [ mmiday | 15July1986 omass [ 8388 tonvha =i

Drain Deep percolation mm el ds/m eld | 2507 tonha eary senescence

CR Capillary rise mm Cimate CrapSol water | Ex | Soilwaterprofle | Soi saity | Climete andWater balance. | Production | Totals Run  Environment |
Evap Soil evaporation mm Environment and Crop ulation run; 7/22

E/Ex Soil evaporation (relative) % Climate — Tunis LI Toris (Turisie)cimaic dta

Tr Crop transpiration mm = < Climate fies

Tr/Trx Crop transpiration (relative) % Crop —— Growing cycle: From: 31 December 1985 - To: 16 Juy

SaltIN Salt infiltrated in the soil profile ton/ha ﬁ [WheaColb CRD  Defat heal, Calende Novd?) ]
SaltOUT | Salt drained out of the soil profile ton/ha i T

SaltUP Salt moved upward by capillary rise ton/ha Fild ModerateSFMAN  moderate so ey ‘
SaltProf | Salt stored salt the soil profile ton/ha Soil

Ceyle | Length of crop cycle day B |
SaltStr Average salinity stress % . )

FertStr Average soil fertility stress A San~uI:=\ElD|"tm"S Sitmulation periodt  From: 1 August 1985 - Tor 15.July 1386

TempStr | Average temperature stress (biomass) % _“ Inkil DuWet 5w Diy top soil (10 voi%) and et sub soi (30 vol%) ‘
ExpStr Average leaf expansion stress % %) Of season...{ Nore) Mo specicoff season condiions

StStr Average stomatal stress % Project [ 23 years of Wheat in Turis ]
Biomass | Biomass ton/ha Settings: & Progem selings

Brelative | Relative Biomass (Ref: optimal conditions) %

Harvest Index - | G Numerical autput. > Main Menu
Yield Yield ton/ha e |
WPet(Y) | ET water productivity (for yield) kg/m®
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Figure 2.20g
Display of the selected input files in the Simulation run menu
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2.20.2 Numerical output

Simulation results are recorded in output files and the data can be displayed by clicking
on the <Numerical output> command in the Simulation run menu (Fig. 2.20h). The
data can be aggregated in 10-day, monthly or yearly data.
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Figure 2.19h
Display of data recorded in output files

2.20.3 Evaluation of simulation results

‘When running a simulation, users can evaluation the simulation results with the help of

the field data stored in an observation file (see 2.19 Field observations). The user gets

access to the Evaluation of simulation results menu by clicking on the <Observations>
d in the d panel of the Sis ion run menu (Fig. 2.20i).
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Figure 2.20i — The Simulation run menu with the <Observations> command in the
command panel.

= Graphical and numerical displays

For each of the 3 sets of field observations (Canopy Cover, Biomass and Soil water

content) the user finds in the Evaluation of simulation results menu:
A graphical display where the simulated and observed (with their standard deviations)
values are plotted (Fig. 2.20j);

2. A numerical display where the simulated and observed values (with their standard
deviations) are displayed; and

3. Statistical indicators evaluating the simulation results (Fig. 2.20k).
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Figure 2.20j — Simulated (line) and observed (dots) dry above-ground Biomass with
their standard deviations (vertical lines) in the Evaluation of simulation results
menu.
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Figure 2.20k — Statistical indicators for the assessment of the simulated dry above-
ground Biomass in the Evaluation of simulation results menu.

= Statistical indicators

Evaluation of model performance is important to provide a quantitative estimate of the
ability of the model to reproduce an observed variable, to evaluate the impact of
calibrating model parameters and compare model results with previous reports (Krause et
al., 2005). Several statistical indicators are available to evaluate the performance of a
model (Loague and Green, 1991). Each has its own strengths and weaknesses, which
means that the use of an ensemble of different indicators is necessary to sufficiently
assess the performance of the model (Willmott, 1984; Legates and McCabe, 1999). In the
equations 8.4a to 8.4e, O; and P; are the observations and predictions respectively, 0 and
P their averages and n the number of observations.

Coefficient of determination (R’

The coefficient of determination 12 is defined as the squared value of the Pearson
correlation coefficient. 12 signifies the proportion of the variance in measured data
explained by the model, or can also be interpreted as the squared ratio between
covariance and the multiplied standard deviations of the observations and predictions. It
ranges from 0 to 1, with values close to 1 indicating a good agreement, and typically
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values greater than 0.5 are considered acceptable in watershed simulations (Moriasi et al.,
2007).

(8.4a)

A major drawback of 12 is that only the dispersion is quantified, which means that a
model which systematically overestimates (or underestimates) the observations can still
have a good 12 value (Krause et al., 2005). Willmott (1982) also stated that within the
context of atmospheric sciences both r and 12 are insufficient and often misleading when
used to evaluate model performance. Analysis of the residual error (the difference
between model predictions and observations: P; — O;) is judged to contain more
appropriate and insightful information.

Root Mean Square Error (RMSE)

The root mean square error or RMSE is one of the most widely used statistical indicators
(Jacovides and Kontoyiannis, 1995) and the average itude of the
difference between predictions and observations. It ranges from 0 to positive infinity,
with the former indicating good and the latter poor model performance. A big advantage
of the RMSE is that it summarizes the mean difference in the units of P and O. It does
however not differentiate between over- and underestimation.

RMSE = z

(8.4b)

n

A disadvantage of RMSE is the fact that the residual errors are calculated as squared
values, which has the result that higher values in a time series are given a larger weight
compared to lower values (Legates and McCabe, 1999) and that the RMSE is overly
sensitive to extreme values or outliers (Moriasi et al., 2007). This is in fact a weakness of
all statistical indicators where the residual variance is squared, including EF and
Willmott’s d which are discussed below.

Normalized Root Mean Square Error (NR!

Because RMSE is expressed in the units of the studied variable, it does not allow model
testing under a wide range of meteo-climatic conditions (Jacovides and Kontoyiannis,
1995). Therefore, RMSE can be normalized using the mean of the observed variable (0).
The normalized RMSE (NRMSE) is expressed as a percentage and gives an indication of
the relative difference between model and observations.

(8.4¢)

NRMSE =L
7

A simulation can be considered excellent if NRMSE is smaller than 10%, good if
between 10 and 20%, fair if between 20 and 30% and poor if larger than 30%.
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Nash-Sutcliffe model efficiency coefficient (EF)

The Nash-Sutcliffe model efficiency coefficient (EF) determines the relative magnitude
of the residual variance compared to the variance of the observations (Nash and Sutcliffe,
1970). Another way to look at it is to say that EF indicates how well the plot of observed
versus simulated data fits the 1:1 line (Moriasi et al., 2007). EF can range from minus
infinity to 1. An EF of 1 indicates a perfect match between the model and the
observations, an EF of 0 means that the model predictions are as accurate as the average
of the observed data and a negative EF occurs when the mean of the observations is a
better prediction then the model.

EF =1- (8.4d)

EF is very commonly used, which means that there is a large number of reported values
available in literature (Moriasi et al., 2007). However, like 12, EF is not very sensitive to
systematic over- or underestimations by the model (Krause et al., 2005).

Willmott’s index of agreement (d

The index of agreement was proposed by Willmott (1982) to measure the degree to which
the observed data are approached by the predicted data. It represents the ratio between the
mean square error and the “potential error”, which is defined as the sum of the squared
absolute values of the distances from the predicted values to the mean observed value and
distances from the observed values to the mean observed value (Willmott, 1984). It
overcomes the insensitivity of 12 and EF to systematic over- or imati by the
model (Legates and McCabe, 1999; Willmott, 1984). It ranges between 0 and 1, with 0
indicating no agreement and 1 indicating a perfect agreement between the predicted and
observed data.

S(r-o)
Se-0/+/0-0)

A disadvantages of d is that relatively high values may be obtained (over 0.65) even
when the model performs poorly, and that despite the intentions of Willmott (1982) d is
still not very sensitive to systemic over- or underestimations (Krause et al., 2005).

(8.4¢)
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2.20.4 Output files

On exit of the Simulation run menu, the option is available to save the output on disk.
Distinction is made between files containing daily simulation results and seasonal results.
The files are stored by default in the OUTP directory of AquaCrop. By using different
filenames (and even directories), the user can prevent that the simulation results are
overwritten at each run. (Fig. 2.201).

i

Pathnname

Pan | [Eoroa

Common part File Name.

(=3

Output fles with Simulation results
[ Contents File Name

[ Patameters soil water balance [ Project2AWabal 0UT

| Soil water content [profile and root zone] | ProjectzAProf.0UT

[ Salt balance (profile and root zone) | ProjectzASal 0UT

‘ Soil water content (compartments) ‘ Project2ACompWC.OUT
[ Sail salinty (compartments) [ Project2ACompEC.0UT
[ Het igation remurement [Proiest2ATnet OUT

[ Totals Simulation runs [ Project2ARun. OUT

[ % e o

Figure 2.201
Specification of the path and file name for the Output files

= Daily results
The output of the daily results consists of 7 files containing key variables (Tab.2.20c). In
section 2.23 (Output files) the list of key variables is presented.

= Seasonal results
The output of the seasonal results can be stored as well (RUN.OUT).

The variables listed in the output files are described in 2.23 (Output files). The data in the
files can be retrieved in spread sheet programs for further processing and analysis.
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Table 2.20c

Input/Output and program settings Files

Default file name and content of the 7 output files with daily si ion results
Default file name Content

ProjectCrop.OUT 18 key variables for crop development and production
ProjectWabal.OUT 17 key variables for soil water balance

ProjectProf. OUT 10 key variables for soil water content — Profile/Root zone
ProjectSalt.OUT 10 key variables for soil salinity — Profile/Root zone
ProjectCompWC.OUT | 12 key variables for soil water content — Compartments
ProjectCompEC.OUT 12 key variables for soil salinity — Compartments

ProjectInet. OUT 5 key variables for net irrigation i
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‘When installing AquaCrop, the installation program (i) creates a FAO folder, (ii) creates
the ‘AQUACROP’ folder (if not yet available) in the FAO folder, and (iii) finally installs
the software in C:\ FAO\AquaCrop

C\ e |-

-

-

-

I- FAQ -------- -

I- |- AQUACROP -------|- DATA
AquaCrop.EXE |
Default. PAR |- OUTP
General PAR |
Planting. PAR |- OBS
Onset.PAR |
Soil.PAR |- SIMUL
Rainfall. PAR
Crop.PAR
Field PAR
Temperature. PAR
DEFAULT.CRO
DEFAULT.SOL
SOILS.DIR

If AquaCrop is correctly installed, the AquaCrop folder should contain:

(i) the following files:

- AquaCrop.EXE (the executable file );

- Files with default project settings (*.PAR);

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

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

(ii) and four subdirectories:

- DATA (default subdirectory for the input files);

- OUTP (default subdirectory for the output files);

- OBS (default subdirectory for the field observations files);

- SIMUL (subdi for simulation purposes, ining between other files the
MaunaLoa.CO2 file).
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2.21 Input files

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

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

made between:

- Climate files (*.CLI) which contains the names of a set of files containing
o air temperature data (*.TMP),

o reference evapotranspiration data (*.ETo),
o rainfall data (*.PLU), and
o atmospheric CO, data (*.CO2);

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

- Trrigation files (*.IRR) containing, apart from the irrigation method, (i) information
for the calculation of the net irrigation requirement, (ii) the timing, applied irrigation
amounts and the irrigation water quality of an irrigation schedule, or (iii) information
for generating irrigation schedules;

- Field files (*.Man) ining characteristics of the field on which the
crop is cultivated;

- Soil profile files (*.SOL) containing characteristics of the soil profile;

- Groundwater files (*.GWT) containing characteristics of the groundwater table;

- Files with the specific conditions in the soil profile at the start of the simulation
period (*.SWO0);

- Files with off-season field management conditions (*.OFF); and

- Single run project files (*.PRO) containing information on the growing and
simulation period, the settings of program parameters, and the names of the set of
input files describing the environment, and the initial and off-season conditions;

- Multiple runs project files (*. PRM) containing information on the settings of program
parameters and on the growing and simulation period, names of the set of input files
describing the environment, and the initial and off-season conditions for each of the
runs.

Also field observations can be stored in text files and retrieved through the user-interface
for the evaluation of simulations results. By default the field observations files are stored
in the OBS subdirectory of the AquaCrop folder.

- Files with field observations (*.OBS).
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2.21.1 Climate file (*.CLI)

A climate file (Tab. 2.21a, Fig. 2.21) contains next to its description and the reference of
the AquaCrop version, the names of the air temperature file (* . TMP), ETo file (*.ETo),
rainfall file (*.PLU), and CO; file (*.CO2).

Table 2.21a

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

4.0 : AquaCrop Version (May 2012)

Tunis. TMP

Tunis.ETo

Tunis7902.PLU

MaunaLoa.CO2

meteorological data
recorded in local weather station

ETo * |
ETo computed from meteorological data
with the FAO Penman Monteith equation Mauna Loa

ETo calculator observatlory
(Hawai)

ETo

air temperature

[ TmPite | [::it:'a" | [ecoz ]
N

T T
A C
1lDATA base

~A- AquaCrop

Climate file

Fig 2.21 — Climatic data and Climate file
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2.21.2 Temperature (*.TMP), ETo (*ETo) and rainfall (*.PLU) files
Temperature (Tab. 2.21b), ETo (Tab. 2.21c¢) and Rainfall files (Tab. 2.21d) have all the
same structure which consists of:

— 5 lines containing information required by the program;

— an empty line to separate the information from the records;

— 2lines for the title of the records;

— list of records (1 line for each daily, 10-daily or monthly record). The records are the
daily, mean 10-daily or monthly minimum and maximum air temperature in degrees
Celsius, the daily, mean 10-daily or monthly ETo in mm/day and the total daily, 10-
daily or monthly rainfall data in mm. The data may consists of integers or reals with 1
digit (1/10 of a degree or a millimeter).

Table 2.21b
Structure of an air temperature file (files with ion TMP)

Line File content

First line is a description which is displayed when selecting the file
1

1
2 : Daily records (1=daily, 2=10-daily and 3=monthly data)
3 1 : First day of record (1, 11 or 21 for 10-day or 1 for months)
4 1 : First month of record
5 1999 : First year of record (1901 if not linked to a specific year)
6
7 Tmin (°C) TMax (°C)
8 ==
9 70 150
10 8.0 16.0
L1 90 180 ]
Table 2.21¢
Structure of an ETo file (files with ion ETo)
Line File content

First line is a description which is displayed when selecting the file

Table 2.21d
Structure of a Rainfall file (files with ion PLU)
Line File content
1 First line description which is displayed when selecting the file
2 1 aily records (1=daily, 2=10-daily and 3=monthly data)
3 1 irst day of record (1, 11 or 21 for 10-day or 1 for months)
4 1 : First month of record
5 1999 : First year of record (1901 if not linked to a specific year)
6
7 Total Rain (mm)
8
9 .
10 0.0
L11 16.6

2.21.3 CO2 file (*.CO2)

A CO2 file contains mean annual atmospheric CO, data (in ppm) for a series of years
arranged in chronological order. For years not specified in the file, AquaCrop will derive
at run time the CO, concentration by linear interpolation between the specified CO,
values for an earlier and later year. For years out of the listed range, the atmospheric CO,
concentration is assumed to be equal to the specified value of the first year (for earlier
years) or the specified value of the last year (for later years). When creating CO2 file, the
structure of the file needs to be respected (Tab. 2.21e).

1

2 1 : Daily records (1=daily, 2=10-daily and 3=monthly data)

3 1 : First day of record (1, 11 or 21 for 10-day or 1 for months)

4 1 : First month of record

5 1999 : First year of record (1901 if not linked to a specific year)

6

7 Average ETo (mm/day)

8 —

9 1.0

10 1.1

11 ]
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Table 2.21e

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 title

4 1940 310.5 year(1) and corresponding CO,
5 1960 31691 year(2) and corresponding CO,
6 1961 317.65 year(3) and corresponding CO,
n-1 2007 383.72 year(n-1) and corresponding CO,
n 2020 409.72 year(n) and corresponding CO,
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2.21.4 Crop file (*.CRO)

2.21.5 Irrigation file (*.IRR)

2.21.6 Field management file (*.MAN)

2.21.7 Soil profile file (*.SOL)

2.21.8 Groundwater file (*.GWT)

2.21.9 File with initial conditions (*.SW0)
2.21.10 File with off-season conditions (*.OFF)
2.21.11 Single run Project file (*.PRO)

2.21.12 Multiple run project file (*.PRM)

2.21.13 File with field data (*.OBS)
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2.22 Files with program settings
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2.23 Output files 18 | StBio Percent temperature stress affecting biomass production %o
Simulation results are stored in a set of output files. By default the output files are stored 19 | Biomass | Cumulative bu)m.ass producefi — tonha
in the OUTP subdirectory of the AquaCrop folder. Distinction is made between output 20 | HI Harvest Index adjusted for failure of pollination, inadequate %
files containing daily data and seasonal results. The output files with daily data contain . p}fomsymhes::s and water stress
information on the: 21 | Yield Part | Yield (HI x Biomass) ton/ha
- Crop development and production; 22 | Brelative | : Relative biomass (Reference: no water, no soil fertility, no %
- Soil water content at various depths of the soil profile; soil salinity stress)
- Soil salinity at various depths of the soil profile; 23 | WPet ET Water productivity for yield part (kg yield produced per kg/m’
- Soil water content in the soil profile and root zone; m3 water ired)
- Soil salinity in the soil profile and root zone;
- Various parameters of the soil water balance;
- Net irrigation water requirement.
The variables listed in the output files are given in 2.23.1 to 2.23.7. The variables listed in 2.23.2 Soil water balance
the seasonal output file are given in 2.23.8. The data in the files can be retrieved in spread Default file name: Project WABAL.OUT
sheet programs for further processing and analysis. | Nr | Symbol Description Unit
1 | Day -
2 | Month -
2.23.1 Crop develop and pr 3 | Year -
Default file name: ProjectCROP.OUT 4 | DAP Days after planting/sowing -
Nr | Symbol Description Unit 5 | Stage Crop growth stage: -
1 | Da; - 0: before or after cropping;
2 | Month - 1: between sowing and germination or transplant
3 | Year - recovering;
4 | DAP Days after planting/sowing - 2: vegetative development;
5 | Stage Crop growth stage: - 3: flowering;
0: before or after cropping; 4: yield formation and ripening
1: between sowing and germination or transplant -9: no crop as a result of early canopy senescence
recovering; 6 | WCTot ‘Water content in total soil profile mm
2: vegetative development; 7 | Rain Rainfall mm
3: flowering; 8 | Trri ‘Water applied by irrigation mm
4: yield formation and ripening 9 | Surf Stored water on soil surface between bunds mm
-9: no crop as a result of early canopy 10 | Infilt water in soil profile mm
6 | GD Growing degrees °C-da 11 |RO Surface runoff mm
71z Effective rooting depth m 12 | Drain Water drained out of the soil profile mm
8 | StExp Percent water stress reducing leaf expansion % 13 | CR ‘Water moved upward by capillary rise mm
9 | StSto Percent water stress inducing stomatal closure %o 14 | Ex Maximum soil evaporation mm
10 | StSen Percent water stress triggering early canopy senescence % 15 |E Actual soil evaporation mm
11 | StSalt Percent salinity stress % 16 | E/E Relative evaporation (100 E/EX) %
12 | CC Green canopy cover %o 17 | Trx Maximum crop iration mm
13 | Ke(Tr) Crop coefficient for transpiration - 18 | Tr Actual crop i mm
14 | Trx Maximum crop transpiration mm 19 | T/T Relative (100 Tr/Trx) %
15 | Tr Actual crop i mm 20 | ETx Maximum evap: irati mm
16 | T/Tx Relative (100 Tr/Trx) % 21 |ET Actual evapotranspiration mm
17 | WP Crop water productivity adjusted for CO2, soil fertility and g/m” 22 | ET/ETx Relative evapotranspriation (100 ET/ETx) K
products synthesized
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2.23.3 Soil water content (profile and root zone) -9: no crop as a result of early canopy senescence
Default file name: ProjectProf.OUT 6 | Saltln Salt infiltrated in the soil profile ton/ha
Nr | Symbol Description Unit 7 | SaltOut Salt drained out of the soil profile ton/ha
1 | Day - 8 | SaltTot Salt content in the total soil profile ton/ha
2 | Month - 9 | SaltZ Salt content in the effective root zone ton/ha
3 | Year - 10 |Z Effective rooting depth m
4 | DAP Days after planting/sowin, - 11 | ECe Electrical conductivity of the saturated soil-paste extract dS/m
5 | Stage Crop growth stage: - from the root zone
0: before or after cropping; 12 | ECsw Electrical conductivity of the soil water in the root zone dS/m
1: between sowing and germination or transplant 13 | StSalt Salinity stress %
recovering; 14 | Zgwt Depth of the groundwater table m
2: vegetative development; 15 | ECgw Electrical conductivity of the groundwater dS/m
3: flowering;
4: yield formation and ripening
-9: no crop as a result of early canoj .
6 | WCTot Water confent total soil proﬁlﬁ 8 mm 2.23.5 Soil water co‘ntent (compartments)
7 | Wr(Zx) Water content in maximum effective root zone mm Default file name: Pro]FcECOmpWC.OUT -
8|z Effective rooting depth m | Nr | Symbol Description Unit
9 | Wr Water content in effective root zone mm 1 | Day =
10 | Wr(SAT) | Water content in effective root zone if saturated mm 2 | Month -
11 | Wr(FC) Water content in effective root zone at field capacity mm 3 | Year - - -
12 | Wr(exp) | Water content in effective root zone at upper threshold for mm 4 | DAP Days after planting/sowing -
leaf expansion 5 | Stage Crop growth stage: ) -
13 | Wr(sto) ‘Water content in effective root zone at upper threshold for mm 0: before or aftgr cropping;
stomatal closure 1: belv-veen sowing and germination or transplant
14 | Wr(sen) | Water content in effective root zone at upper threshold for ‘mm recovering;
carly canopy 2 vegela!lve. development;
15 | Wr(PWP) | Water content in cffective root zone al permanent wilting mm 3: flowering; .
. 4: yield formation and ripening
point -9: no crop as a result of early canopy
6 | WC1 soil water content compartment | * vol%
. .. 7| wWC2 soil water content compartment 2 vol%
2.23.4 Soil salinity (proﬁle and root zone) 8 | WC3 soil water content compartment 3 vol%
Default file name: Pro, .ect.Salt.OUT n 9 | WC4 soil water content compartment 4 vol%
NriliSymbol Description Lt 10 | WC5 soil water content compartment 5 vol%
1 | Da = 11 | WC6 soil water content compartment 6 vol%
§ ];/I:;r[h ’ 12 | WC7 soil water content compartment 7 vol%
7 - - - 13 | WC8 soil water content compartment 8 vol%
4 | DAP Days after planting/sowin; z 14 | WC9 soil water content compartment 9 1%
s partmen vol%
3 | Stage %r.og gfrowlh Slfage; . B 15 | WC10 s0il water content compartment 10 vol%
l bZl:;:e‘r:rs?)\;;‘;lZr:rl:gl;egl:minalion or transplant 16 | WCLL so%l water content compartment 11 vol%
recovering; 17 WC_12 soil water gonlenl compartment 12 § _ vol%
2: veget: ;ive development: * The soil depth (corresponding at the centre of the compartment) is specified for each
getal P! 3 . "
3: flowering; compartment in the file
4: yield formation and ripening
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2.23.6 Soil salinity (compartments)
Default file name: ProjectCompEC.OUT

2.23.7. Net irrigation requirement
Default file name: ProjectInet.OUT

Nr | Symbol Description Unit Nlr ls)); ';lb‘)l Description Inig
Hew , -
3 [ Year - 3 | Year - - -
4| DAP Days after planting/sowing B 4 | DAP Days after planting/sowin -
5 | Stage Crop growth stage: - 5 | Stage Crop growth stage: -

2 P g 2 :
0: before or after cropping; 0: before or aftgr cropping;
1: between sowing and germination or transplant I be[wem sowing and germination or transplant
recovering; recovering;
2: vegetative development; 2 vegelative development;
3: flowering; 3: flowering; -
4: yield formation and ripening 4: yield formation and ripening
-9: no crop as a result of early canopy -9: no cropasa resu‘ll of early canopy
6 | EC1 Electrical conductivity of the saturated soil-paste extract dS/m 6B Aclu.a ! soil evaporation _ fmm
(ECe) - compartment 1 * 7 | Trx Maximum cropt ion mm
7 | EC2 Electrical conductivity of the saturated soil-paste extract dS/m 8 ET A Sum of E and Trx mm
(ECe) - compartment 2 9 | Rain Ram.tayl _ . mm
8 | EC3 Electrical conductivity of the saturated soil-paste extract dS/m 10 | Inet Net irrigation req mm
(ECe) - compartment 3
9 | EC4 Electrical conductivity of the saturated soil-paste extract dS/m
(ECe) - compartment 4
10 | EC5 Electrical conductivity of the saturated soil-paste extract dS/m
(ECe) - compartment 5
11 | EC6 Electrical conductivity of the saturated soil-paste extract dS/m
(ECe) - compartment 6
12 | EC7 Electrical conductivity of the saturated soil-paste extract dS/m
(ECe) - compartment 7
13 | EC8 Electrical conductivity of the saturated soil-paste extract dS/m
(ECe) - compartment 8
14 | ECY Electrical conductivity of the saturated soil-paste extract dS/m
(ECe) - compartment 9
15 | EC10 Electrical conductivity of the saturated soil-paste extract dS/m
(ECe) - compartment 10
16 | ECI11 Electrical conductivity of the saturated soil-paste extract dS/m
(ECe) - compartment 11
17 | EC12 Electrical conductivity of the saturated soil-paste extract dS/m
(ECe) - compartment 12

*# The soil depth (corresponding at the centre of the compartment) is specified for each

compartment in the file
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2.23.8. Seasonal output

Default file name: ProjectRun.OUT

Nr | Symbol Description Unit Cl.lapter 3

1| RunNr Number simulation run -

2 | Dayl Start day of simulation run - Calculatlon procedures

3 | Monthl Start month of simulation run -

4 | Yearl Start year of simul run -

5 | Rain Rainfall mm

6 |ETo Ref evapotranspiration

7 | GD Growing degrees

8 | CO2 A heric CO2

9 | Irri Water applied by irrigation OR net irrigation mm

10 | Infilt Infiltrated water in soil profile mm

11 | Runoff Water lost by surface runoff

12 | Drain Water drained out of the soil profile

13 | Upflow Water moved upward by capillary rise

14 [E Soil evaporation mm AQUA

15 | E/Ex Relative soil evaporation (100 E/Ex) %

16 | Tr Crop transpiration mm

17 | Tr/Trx Relative crop transpiration (100 Tr/Trx) %

18 | Saltln Salt infiltrated in the soil profile

19 | SaltOut Salt drained out of the soil profile

20 | SaltUp Salt moved upward by capillary rise from groundwater table

21 | SaltProf | Salt stored in the soil profile ton/ha

22 | Cycle Length of crop cycle: from germination to maturity (or early

)

23 | SaltStr Average soil salinity stress

24 | FertStr Average soil fertility stress A quaCrOp

25 | TempStr | Average temperature stress (affecting biomass) .

26 | ExpStr Average leaf expansion stress Version 4.0

27 | StoStr Average stomatal stress

28 | Biomass | Cumulative biomass produced ton/ha

29 | Brelative | Relative biomass (Reference: no water, no soil fertility, no Reference Manual

soil salinity stress) June 2012
30 |HI Harvest Index adjusted for failure of pollination, inadequate %o

photosynthesis and water stress Dirk RAES, Pasquale STEDUTO, Theodore C. HSIAO, and Elias FERERES
31 | Yield Yield (HI x Biomass) with contributions of the AquaCrop Network
32 | WPet ET Water Productivity for yield part (kg yield produced per | kg/m’

m3 water evap pired) .« e e

33 | DayN | End day of simulation run - @ FAO, Land and Water Division

34 | MonthN | End month of simulation run -

35 | YearN End year of si ion run - Rome’ Italy
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Chapter 3.
Calculation procedures

AquaCrop is a general model, in that it is meant for a wide range of herbaceous crops,
including forage, vegetable, grain, fruit, oil, and root and tuber crops.

Chapler 3 presents the software of AquaCrop for which:

the concepts and underlying principles are described by Steduto et al. (2009);

the structure and algorithm are found in Raes et al. (2009), and

- the parameterization for maize (the crop on which the efforts of parameterization
were focused during the early phase of model development) are reported by Hsiao et
al. (2009).

Examples of crop development and production for specific climate and growing
conditions estimated by AquaCrop are given by Farahani et al. (2009), Garcia-Vila et al.
(2009), Geerts et al. (2009) and Heng, et al. (2009).
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3.1 The root zone as a reservoir

3.1.1 Incoming and outgoing water fluxes

In a schematic way, the root zone can be considered as a reservoir (Fig. 3.1a). By keeping
track of the incoming and outgoing water fluxes at the boundaries of the root zone, the
amount of water retained in the root zone can be calculated at any moment of the season
by means of a soil water balance.
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Figure 3.1a
The root zone as a reservoir

Water is added to the soil reservoir by rainfall and irrigation. When the rainfall intensity
is too high, part of the precipitation might be lost by surface runoff and only a fraction
will infiltrate. The infiltrated water can not always be retained in the root zone. When the
root zone is too wet, part of the soil water percolates out of the root zone and is lost as
deep percolation. Water can also be transported upward to the root zone by capillary rise
from a shallow groundwater table. Processes such as soil evaporation and crop
transpiration remove water from the reservoir.
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3.1.2 Stored soil water and root zone depletion
When calculating the soil water balance, the amount of water stored in the root zone can
be expressed (Fig. 3.1a) as an equivalent depth (Wr) or as depletion (Dr).

= Stored soil water expressed as an equivalent depth

Expressing the water content in a particular soil volume as an equivalent depth is useful
when computing the soil water balance of the root zone. It makes the adding and
subtracting of gains and losses of water slralghlforward since the various parameters of
the soil water balance such as rain and evap ation are usually expressed in terms
of water depth. The stored soil water in the root zone expressed as a depth is given by:

Wr=10000Z (Eq. 3.1a)
where Wr soil water content of the root zone expressed as a depth [mm];
1000 & average soil water content for the root zone expressed as

equivalent depth per unit soil depth [mm(water)/m(soil depth)];
0 average volumetric water content in the root zone [m*/m’];
VA effective rooting depth [m].

= Root zone depletion

Expressing the soil water content in the root zone as a shortage is useful for irrigation
planning and to asses water stresses. The root zone depletion refers to the amount of
water that is required to bring the water amount in the root zone back to the reference
level which is field capacity. Field capacity is selected as the reference since it expresses
the maximum amount of water that can be retained against the gravitational forces. The
root zone depletion is given by:

=Wy —=Wr =1000(6,. —8)Z (Eq. 3.1b)
where Dr root zone depletion [mm];
Wrge soil water content of the root zone at field capacity [mm]
(= 1000 B¢ Z);
Wr soil water content of the root zone expressed as depth [mm];
Orc volumetric water content at field capacity [m}/m3];
0 average volumetric water content in the root zone [m*/m?].

After heavy rainfall or the application of a large amount of irrigation water the water
content in the root zone can be temporarily above field capacity. This results in negative
root zone depletion (i.e. excess of water).
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= Total Available soil Water (TAW)

The total available soil water or plant extractable water is the amount of water a crop can
theoretically extract from the root zone (Fig. 3.1b). Since (i) the water content above field
capacity can not be retained in the soil and will be lost by drainage, and (ii) the water
content below permanent wilting point is so strongly attached to the soil matrix that it can
not be extracted by plant roots, the Total Available soil Water is the amount of water held
in the root zone between field capacity and permanent wilting point:

TAW =1000 (8, —6,p) Z = Wry. = Wiy (Eq.3.1¢)

where TAW total available soil water in the root zone [mm];
Orc volumetric water content at field capacity [m3lmJ];
Bwp  volumetric water content at permanent wilting point [m}/m3];
VA effective rooting depth [m];
Wrge  soil water content of the root zone at field capacity [mm];
Wrpwp soil water content of the root zone at permanent wilting point [mm)].

At permanent wilting point the root zone depletion is equal to TAW.
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Figure 3.1b

The soil water content in the root zone at Field Capacity (Wrrc) and at Permanent
Wilting Point (WRpwp), and the Total Available soil Water (TAW)
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3.2 Stresses
Crop growth might be affected by soil water stress, air temperature stress, soil fertility
stress or soil salinity stress.

3.2.1 Stress response functions

Effects of stresses on crop growth are described by stress coefficients Ks. In essence, Ks
is a modifier of its target model parameter, and varies in value from one (no stress) to
zero (full stress). Above the upper threshold of a stress indicator, the stress is non-existent
and Ks is 1. Below the lower threshold, the effect is maximum and Ks is 0 (Fig. 3.2a).

nostress —1.0

Ks
stress coefficient

ss>

T
stre:
upper lower  S1€
threshold threshold indicator

00 02 04 06 08 10
S ¢ relative stress

Figure 3.2a
The stress coefficient (Ks) for various degrees of stress and
for different shapes of the Ks curve

The relative stress level (S,.i) and the shape of the Ks curve determines the magnitude of
the effect of the stress on the process between the thresholds. Sy is 0.0 at the upper
threshold and 1.0 at the lower threshold (Fig. 3.2a). The shape can be linear, convex, or
logistic.
= Linear shape
If a linear shape is considered, the effect of water stress on the process is directly
proportional to the relative stress:

Ks=1-5 (Eq. 3.2a)
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= Convex shape

Convex curves (curves outwards) make that the process is only strongly affected when
the water stress becomes severe. The shape and degree of curvature of the Ks curve are
described by:

s
e

PR

t e

Ks=1

(Eq. 3.2b)

where Sy (< 1) is the relative stress level and fgape is the shape factor. The shape factor is
positive (finape > 0) for convex curves.

= Logistic shape
For the logistic shape, Ks for various Sy is given by:

Su St

Koo SS.
TS (58, Jexp T

(Eq. 3.2¢)

where S, and S, are the relative stress levels at the lower and upper threshold
respectively, and r the rate factor. Given that Ks is 0.5 midway the lower and upper
threshold, the rate factor can be obtained by solving Eq. 3.2¢ for Ks = 0.5 and Sy = 0.5.
Since S, is zero at the lower threshold, a small value for S, has to be considered. After
solving Eq. 3.2¢, Ks has to be corrected for the considered small value.
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3.2.2 Soil water stress

Soil water stress affects the development of the canopy cover, the expansion of the root
zone, results in stomata closure and a reduction of crop transpiration rate, and alters the
Harvest Index. If the soil water stress is severe it can result in failure of pollination, and
can trigger early canopy senescence. The soil water stress coefficients considered by
AquaCrop and their effects on crop growth are presented in Table 3.2a.
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Figure 3.2b
The water stress coefficient (Ks) for various degrees of root zone depletion (Dr)

The stress indicator for soil water stress is the root zone depletion (Dr) which is

expressed as a fraction (p) of TAW depleted. Water stress starts to affect the process
when the root zone depletion exceeds pupper TAW. At the lower threshold, when the root
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zone depletion is equal to piower TAW, the effect of water stress is at its full strength (Fig.
3.2b). Each of the processes affected by soil water stress has its own threshold levels. For
leaf and hence canopy growth (Ksexp.w) the lower threshold is above PWP, where as for
stomata closure (Kso), senescence (Ksn) and failure of pollination (Kspow) the lower
threshold is fixed at PWP. The shape of the Ks curve can be linear or convex.

Since the stress response curves are defined for an evaporating power of the atmosphere
(ET,) of 5 mm/day, the upper and lower thresholds for water stress (p) needs to be
adjusted for ET,:

0°S Py = Py + fuy (0045~ ET,)) {log, 109 p,,, (Eq. 3.2d)
where f,q (default value = 1) is a program parameter which can be varied to increase (>
1) or decrease (< 1) the adjustment. The log term in the equation makes the adjustment
greater when the soil is wet then when it is dry, based on the likely restriction of stomata
and transpiration (and hence less impact of evaporative demand) when the soil is dry.

Table 3.2a

Considered soil water stress coefficients and their effect on crop growth

Soil water stress Direct effect Target

coefficient model
parameter

Ksyer Reduces crop transpiration Try

Soil water stress coefficient

for water logging (aeration

stress)

Ksexpw Reduces canopy expansion and (depending | CGC and

Soil water stress coefficient | on timing and strength of the stress) might HI

for canopy expansion have a positive effect on the Harvest Index

Ksporw Affects flowering and (depending on HI,

Soil water stress coefficient | duration and strength of the stress) might

for pollination have a negative affect on the Harvest Index

Ksgen Reduces green canopy cover and hence cc

Soil water stress coefficient | affects crop transpiration

for canopy senescence

Ksgto Reduces crop transpiration and the root | Try and HI

Soil water stress coefficient | zone expansion, and (depending on timing

for stomatal closure and strength of the stress) might have a

negative effect on the Harvest Index
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3.2.3 Air temperature stress

Production of biomass and pollination of flowers might be affected by air temperature
stress. The air temperature stress coefficients considered by AquaCrop and their effects
on crop growth are presented in Table 3.2b.

3.2.4 Soil fertility stress

Canopy d and biomass p; might be affected by soil fertility stress.
The stress coefficients considered by AquaCrop and their effects on crop growth are
presented in Table 3.2c. Next to the 3 stress coefficients (Ks), AquaCrop considers also a
decline coefficient (fepecine) Which uses the same stress indicator and is also a modifier of
a model parameter.

Table 3.2b

Considered air temperature stress coefficients and their effect on crop growth

Air temperature stress Direct effect Target
coefficient model
Ksy, Reduces biomass production WP

Cold stress coefficient for
biomass production

Kspore Affects flowering and (depending on duration HI,
Cold stress coefficient for | and strength of the stress) might have a
pollination negative affect on the Harvest Index

Kspoih Affects flowering and (depending on duration HI,
Heat stress coefficient for | and strength of the stress) might have a
pollination negative affect on the Harvest Index

Stress indicators for air temperature stress are growing degrees (Ksy), minimum air
temperature (Kspoic) or maximum air temperature (Kspop). If it is a cold stress, the
process is completely halted (Ks = 0) at and below the lower threshold, and not affected
(Ks = 1) at and above the upper threshold (Fig. 3.2c). For heat stress it is the other way
round: below the lower threshold of the maximum air temperature Ks is 1, and above the
upper threshold Ks becomes zero. For air temperatures stresses a logistic shape of the Ks
curve is considered.
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Figure 3.2¢
The cold stress coefficient (Ks) for various air temperatures
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Table 3.2¢

Considered soil fertility stress coefficients and their effect on crop growth

Soil fertility stress coefficient | Direct effect Target
model

parameter

Kscex Reduces canopy cover CCy

Stress coefficient for maximum

Canopy Cover

Ksexpst Reduces canopy expansion CGC

Stress coefficient for canopy

expansion

Kswp Reduces biomass production WP

Stress  coefficient for Water

Productivity

fCDecline Decline of the canopy cover once the CCy

Decline coefficient of canopy | maximum canopy cover is reached

cover

o stress

0.4

[ e GRGRGRORTETETFTERE PEPLRURTRESTRTER Co

Ks
soil fertilty stress coefficient

full stress

0.0 T T T T
0% 20% 40 % 60 % 80 % 100 %

soil fertiltiy stress
Figure 3.2d

The soil fertility stress coefficient (Ks) for various levels of stress, with indication of
the calibration point (square) determining the shape of the Ks curve.
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The stress indicator for soil fertility stress is the degree of soil fertility stress which varies
from 0 %, when soil fertility is non-limiting, to a theoretical 100 % when soil fertility
stress is so severe that crop production is no longer possible (Fig 3.2d). Between the
upper and lower limits for soil fertility, Ks varies from 1 (no stress) to 0 (full stress).

The shape of the Ks curves is determined at calibration by specifying a Ks value between
1 and O for the particular soil fertility stress at which the crop response is calibrated (see
Chapter 2, Section 2.9.7 Calibration for soil fertility or soil salinity stress). Once a curve
is calibrated, the Ks corresponding to other degrees of soil fertility stress is obtained from
the curve.
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3.2.5 Soil salinity stress

= Soil salinity stress coefficient
Crop production might be affected by soil salinity stress. The soil salinity stress
coefficient considered by AquaCrop and its effect is presented in Table 3.2e.

Table 3.2e

Considered soil salinity stress coefficient and its effect on crop production

Soil salinity stress Direct effect Target

coefficient model
parameter

Ksgaie Reduces biomass production Tr

Soil salinity stress coefficient

The average electrical conductivity of saturation soil-paste extract (ECe) from the root
zone is the indicator for soil salinity stress. At the lower threshold of soil salinity (ECe,)
the stress starts to affect crop production and Ks becomes smaller than 1. At and above
the upper threshold for soil salinity (ECe,) the stress becomes so severe that crop
production ceases and Ks is zero (Fig. 3.2e). The shape of the Ks curve may be linear,
concave, convex or logistic. Values for ECe, and ECe, for many agriculture crops are
given by Ayers and Westcot (1985) in the Irrigation and Drainage Paper Nr. 29.
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Figure 3.2¢
Linear, convex, and logistic shapes of the Ksq, curve
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= Simulating the effect of soil salinity on crop production

As indicated in the FAO Irrigation and Drainage Paper Nr. 29, the average seasonal ECe
in the root zone determines the reduction in crop yield (relative to the potential yield). For
ECe smaller than the upper threshold (ECe < ECe,), crop yield is assumed not to be
affected by soil salinity. For ECe equal to or larger than the lower threshold (ECe > EC,),
soil salinity is so severe, that crops can no longer be cultivated. For ECe between the
thresholds, the shape of the Ksgy curve (Fig. 3.2¢) determines the relative biomass
production (Be):

B,, =100 (1-Ks,,) (Eq. 3.2¢)

B expresses the expected biomass production under salt stress with reference to the
maximal biomass that can be produced in the given environment in the absence of water
and soil fertility stress.

To simulate the effect of soil salinity on biomass production (B), AquaCrop considers a
set of stress coefficients which (i) affect canopy development (assumed to be similar as
the effect of soil fertility stress) and (ii) induces stomatal closure. The stress coefficients
considered by AquaCrop and their effects on crop growth are presented in Table 3.2d.
Next to the 3 stress coefficients (Ks), AquaCrop considers also a decline coefficient
(fcpectine) Which uses the same stress indicator and is also a modifier of a model
parameter.

Table 3.2d

Considered soil salinity stress coefficients and their effect on crop growth

Soil salinity stress coefficient | Direct effect Target
model

Kscex Reduces canopy cover CCy

Stress coefficient for maximum

Canopy Cover

KSexp,t Reduces canopy expansion CGC

Stress coefficient for canopy

expansion

Ksqto,salt Reduces crop transpiration Ksgo

Soil salinity stress coefficient

for stomatal closure

feDecine Decline of the canopy cover once the CCy

Decline coefficient of canopy | maximum canopy cover is reached

cover
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3.3 Growing Degree Days

Heat units, d in growing di days (GDD), can be used in AquaCrop to
describe crop development. With this method, the duration of a process or the time
required to reach a particular stage is expressed in GDD (°C day) in stead of number of
days.

Growing degree days (GDD) are calculated by subtracting the base temperature from the
average air temperature (Tqyg):

GDD =T,

we ™ Dhase (Eq. 3.32)
The base temperature (Tyse) is the temperature below which crop development does not
progress. In AquaCrop an upper threshold temperature (Typper) is considered as well. The
upper temperature threshold specifies the temperature above which crop development no
longer increases with an increase in air temperature.

McMaster and Wilhelm (1997) present two methods for calculating Ty, in Eq. 3.3a. The
authors report that Method 1 predominates among researchers and practitioners involved
with small grain cereals such as wheat and barley. Method 2 is the most commonly used
in calculating GDD for corn, but it is used for other crops as well. In AquaCrop a 3"
method is added.

3.3.1 Method 1
The average air temperature (T,) is given by:

T, _(r+1)
2

(Eq. 3.3b)

where Ty is the daily maximum air temperature and T, the daily minimum air

Once Ty is calculated, it is checked if the average air temperature is
between Thase and Tupper. If Tavg is less than Thase, then Ty is taken as Thase (resulting in O
°C day for that day). If T,y is greater than Typper, then Ty is taken equal to Typper and the
growing degrees for that day are at its maximum (Tupper - Thase)-

3.3.2 Method 2
In this method the comparison to Thae and Typer Occurs before the calculation of the
average temperature. T, and Ty are adjusted if they drop below Ty or exceed Typper

before T.yg is calculated. The average 2 is given by:
_r+1)
T = 2 (Eq. 3.3¢)
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where T: and T,,* are the adjusted maximum and/or minimum air temperatures. The
following rules apply:

- T, is the maximum air temperature (T; =
If Ty is greater than Typper, then Ty = Tupper,
If Ty is smaller than Ty, then Ty = Thase

)

- T,\‘ is the minimum air temperature (T“« =T,)
If T, is greater than Typper, then Ty = Tupper,
If T, is smaller than Thase, then Ty = Thase

3.3.3 Method 3

As in method 2, the comparison to Thse and Typper occurs before the calculation of the
average temperature. However the check is only on the maximum air temperature. The
average temperature is given by:

T :7(T" ;T") (Eq. 3.3d)

where T, is the adjusted maximum air temperature and T, the minimum air temperature.
The following rules apply:
- T, is the maximum air temperature (T

If Ty is greater than Typper, then Ty = Tupper,
If Ty is smaller than Tyge, then Ty = Thuse

- T, is not adjusted. However if T, exceeds Tupper, To Will be set equal to Typper.
Once Tay, is calculated, it is checked if the average air temperature is above the base

temperature. If Ty, is less than Ty, then Tayg is taken as Thaee (resulting in 0 °C day on
that day).

Reference Manual, Chapter 3 — AquaCrop, Version 4.0 June 2012 315

3.4 Green canopy cover for optimal conditions

3.4.1 Green canopy cover throughout the crop cycle

The development and senescence of the green canopy under optimal conditions (Fig 3.4a)

is described by four parameters:

- CC, : initial canopy cover at the time of 90% crop emergence or when the transplant
is recovered [fraction or percentage ground cover]. The initial canopy cover is the
product of plant density and the size of the canopy cover per seedling;

- CGC : canopy growth coefficient [fraction or percentage ground cover increase per
day or growing degree day];

- CCy : maximum canopy cover for that plant density under optimal conditions
[fraction or percentage ground cover];

- CDC: canopy decline coefficient [fraction or percentage ground cover decline per day
or growing degree day];

and the moment when green canopy senescence is triggered (i.e. the start of canopy

senescence counting from sowing or transplanting).
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Figure 3.4a
Variation of green canopy cover
throughout the growing cycle under non-stress conditions

CC,, CGC and CCy determine the time required to reach maximum canopy cover. If CC,

and CGC are large, the maximum canopy (CC,) is reached quickly. If crop development
starts with a small CC,, the period to reach maximum canopy cover will be longer. The
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canopy decline coefficient CDC determines the rate of the green canopy decline in the
late season. Often crops will be mature and be ready to harvest before the full canopy
decline is achieved.

1.0
S o8-
5
2
g 061
<
g
£ 044
g
g
2 024
o0
00 ~1CC=CC,
sowing time (day)

mid
initial crop development | Season
stage” | stage

CC=0.10 CC=0.98 CC,
»|
time required to reach full canopy gl
Figure 3.4b
Sct ic repr ion of canopy during

the exponential growth (Eq. 1) and the exponential decay (Eq. 2) stages

3.4.2 Canopy development
Canopy devel (Figure 3.4b) is si by two :
= Equation 1 (exponential growth) is valid when CC < CC,/2

CC=CC, e (Eq.3.4a)

= Equation 2 (exponential decay) is valid when CC > CC,/2

cc=cc, —0.25@ e (Eq. 3.4b)
cc,
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where CC  canopy cover at time t [fraction ground cover];
CC, initial canopy size at t=0 [fraction ground cover];
CC,  maximum canopy cover [fraction ground cover];
CGC canopy growth coefficient [increase of fraction ground cover per day or
growing degree day];
t time [day or growing degree day].

3.4.3 Germination and initial canopy cover at 90% crop emergence

To trigger germination during a simulation run, the soil water content in the top soil
needs to be above a threshold value. The threshold value for the soil water content is
expressed as a fraction of TAW and is a program p . The top soil idered at
germination is the effective rooting depth at planting (Z,) and refers to the soil depth
from which the germinating seed can extract water (see 3.6.1 — Effective rooting depth at
planting).

The initial canopy cover at germination is determined by the sowing or planting density.
CC, is estimated from the sowing or planting density (plants per hectare) and the canopy
cover of the seedling (em?). Options are available to estimate the planting density from
sowing rate and approximate germination rate, or from plant spacing.

3.4.4 Maximum canopy cover (CCy)
For no stress conditions, the canopy cover will reach the maximum canopy cover, CC,.
For optimal conditions CCy is determined by crop species and plant density.

3.4.5 Green canopy cover decline
The decline in green crop canopy is described by:

ovc,
cc=cc,|1-0.05 [e @ 1] (Eq. 3.4¢)

where CC  canopy cover at time t [fraction ground cover];
CCx  maximum canopy cover at the start of senescence (t=0) [fraction ground

cover];
CDC  canopy decline coefficient [day" or growing degree day"];
t time [days or growing degree days].

The Canopy Decline Coefficient (CDC) is a measure for the speed of decline of the green
canopy once it is triggered. A large CDC results in a steep decline of the canopy, while
the canopy senescence will be more gradually by selecting a smaller CDC (Fig. 3.4¢).
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green canopy cover (CC)

time (days)

Figure 3.4¢
Decline of green canopy cover during senescence for various canopy decline
coefficients (CDC) as described by Eq. 3.4c. All lines have initial green canopy cover
at 0.9 and starting time at 0

3.4.6 Green canopy cover for forage crops
Forage crops are (perennial) crops that are usually cut several times per season. At each
cut the major part of the above-ground biomass is harvested.

under development
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3.5 Green canopy cover for stress conditions

The effects of stress on canopy development are manifested through series of stress
coefficients. Stress coefficients (Ks) are indicators of the relative intensity of the effect.
In essence, Ks is a modifier of its target model parameter, and varies in value from one,
when the effect is non-existent, to zero when the effect is maximum (see 3.2 Stresses).

Soil water, soil fertility and soil salinity stress decrease canopy expansion. As a result, the
expected maximum canopy cover CCy might not be achieved or achieved much later in
the season. The adjustment on canopy expansion is simulated by multiplying the target
model parameter CGC (canopy growth coefficient) with the corresponding stress
coefficient (Ks < 1). Under severe water stress, the canopy development might be
brought to a standstill and canopy senescence might even be triggered. Also when the
crop transpiration is fully inhibited CC no longer can increase. Soil fertility and soil
salinity stress do not only decrease the growing capacity of the crop but affect as well the
maximum canopy that can be reached (CC,) and result in a steady decline of the canopy
cover once CCy is reached at mid season. The effect of stresses on green canopy cover
(CC) is schematically presented in Fig. 3.5a.

CCy

cc
CGC

time

green canopy cover (CC)
for optimal conditions

stress inhibiting Transpiration (Tr = 0)

soil water stress
® adjustment of CGC (KSexpw)
® early canopy senescence (KSsen)

soil fertility/salinity stress
= adjustment of CGC (KSoxpy)
= adjustment of CCy (Ksccx)
® canopy decline once CC is reached

green Canopy Cover

Figure 3.5a
Stresses affecting green canopy cover (CC)
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3.5.1 Period of potential vegetative growth

The achievement of the maximum canopy cover CCy is delayed when stresses affect the
canopy growth coefficient CGC and reduce leaf growth. If the period of potential
vegetative growth is too short, CC might not be achieved at all.

The period of potential vegetative growth depends on how determinant is the crop’s
growth habit. For determinant crops, once peak flowering is passed and fruits or grain
begin to fill, CC has reached its maximum regardless of whether the CC at that time has
or has not been reduced by stress. For indeterminant crops the canopy development stage
can be stretched till canopy senescence (Fig. 3.5b).
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Figure 3.5b
Period of potential vegetative growth
for (1) determinant crops and (2) indeterminant crops
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3.5.2 Adjustment of canopy growth coefficient due to water stress

Leaf growth by area expansion and therefore canopy development is sensitive to water
stress. To simulate the reduction in leaf growth as a result of water stress, the crop growth
coefficient (CGC) is adjusted for the stress effect by multiplying it with the water stress
coefficient for leaf expansion growth (Kseyp.w):

CGC,; =Ks,,,, CGC (Eq. 3.52)
where Ksexpw water stress coefficient for leaf expansion growth;
CGC CGC for optimal conditions [fraction or percentage ground cover

increase per day or growing degree day];
CGCyq CGC adjusted for water stress [fraction or percentage ground cover
increase per day or growing degree day].

Between the upper and lower threshold for root zone depletion, the water stress
coefficient decreases gradually from one to zero (Fig 3.5¢). Kseyp,w is zero when the root
zone depletion is at or exceeds its lower threshold.

0.0
(Pexp.upper) TAW

(Pexp over) TAW

Wr: stored soil water

Dr : root zone
depletion (mm)

Figure 3.5¢
The upper and lower threshold for root zone depletion
affecting leaf growth by area expansion

Canopy development is reduced as soon as the root zone depletion (Dr) exceeds the upper
threshold:

Drupper = Pespupper TAW (Eq.3.5b)
where  Drexpupper upper tk 1 p 1 as root zone d [mm];
Pexp.upper fraction of TAW that can be depleted from the root zone before
leaf expansion starts to be limited;
TAW total available soil water in the root zone [mm].
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When the root zone depletion (Dr) reaches its lower limit, leaf expansion is completely
halted:

D tower = Pesptower TAW (Eq.3.5¢)
where Drexpower lower threshold expressed as root zone depletion [mm];
Pexplower depletion fraction of TAW at which there is no longer any leaf

expansion growth.

Between the upper and lower thresholds the shape of the Ks curve determines the
magnitude of the stress (Fig. 3.5d). In AquaCrop the shape of the Ks curve can be
selected as linear or concave (see 3.2 Stresses).
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field .1apacny TAW wilti 3 point

Figure 3.5d
Water stress coefficient for leaf expansion growth (Kseyp,)
for various degrees of root zone depletion (Dr)

When water stress reduces leaf growth, the expected maximum canopy cover CCy might
not be achieved or achieved only much later in the season. Therefore the program will
stretch the canopy development to the time when CCy can be reached with the adjusted
CGC. Once CC, is reached, it is assumed in the model that reduced leaf growth has
virtually no direct effect on canopy cover anymore (and consequently on crop
transpiration, soil evaporation and biomass production).

Reference Manual, Chapter 3 — AquaCrop, Version 4.0 June 2012 3-23

3.5.3 Early canopy senescence under severe water stress conditions
Under severe water stress conditions, canopy senescence will be triggered. Early canopy
senescence will occur as soon as the root zone depletion (Dr) exceeds the upper
threshold:

DF gy spper = Psen TAW (Eq.3.5d)
where Drgen upper threshold as root zone depletion [mm];
Psen fraction of TAW that can be depleted from the root zone before
canopy senescence is triggered;
TAW total available soil water in the root zone [mm)].

Once the root zone depletion reaches the lower limit (which is permanent wilting point):

Dr, =TAW (Eq. 3.5¢)

e, lover

the canopy decline is at full speed. The upper and lower threshold for root zone depletion
are plotted in Figure 3.5¢

0.0

e P TAW

Wr: stored soil water

!
3
H

Dr : root zone
depletion (mm)

0.0

Figure 3.5¢
The upper and lower threshold for root zone depletion

early canopy

Between the upper and lower threshold the rate of canopy decline (CDC), which
simulates the early canopy senescence, is adjusted to the degree of water stress. The
canopy decline will be very small when water stress is limited, but increases with larger
water stresses. This is simulated by adjusting the canopy decline coefficient with the
water stress coefficient for senescence (Ksgq). To guarantee a fast enough decline at
strong root zone depletion, the 8 power of Ks, is considered:
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cnC,, =1-Ks,)cDC (Eq. 3.5)
=l Eq

where CDC reference canopy decline coefficient;
Ksgen water stress coefficient for early canopy senescence.

Between the upper and lower thresholds the shape of the Ks curve determines the
magnitude of the stress (Fig. 3.5f). In AquaCrop the shape of the Ks curve can be
selected as linear or concave (see 3.2 Stresses).
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Figure 3.5f
Water stress coefficient for early canopy senescence (Ksen)
for various degrees of root zone depletion (Dr)

A small amount of rain or a slight expansion of the root zone in a wet subsoil, might
reduce the root zone depletion above Dryenupper and de-activate as such the canopy
senescence. To avoid such an overreaction of the program, pg, is reduced with a few
percentages (B) once early canopy senescence is triggered:

Pienati = Psen (l f%] (Eq. 3.5g)

is a program parameter, and its value can vary between 0 % (no adjustment) to 25 %.
program p: y ly
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3.5.4 Canopy development when transpiration is inhibited

Severe water or salinity stress or deficient aeration conditions in the root zone will affect

crop transpiration (see 3.10 Crop transpiration). When the transpiration rate plunges to

zero as a result of prolonged water logging, the absence of an evaporative demand, when

permanent wilting point is reached or when the soil salinity exceeds the upper thresholds,

the development of the canopy will be brought to a standstill as a result of the feedback
ism of piration on canopy (see 3.10.7).

3.5.5 Canopy development for soil fertility or soil salinity stress
Limited soil fertility or soil salinity stress decreases the growing capacity of the crop
(CGC) as well as the maximum canopy cover (CC,) that can be reached at mid season.
The adjustments of CGC and CC; for soil fertility/salinity stress are given by:

CGC, cGC (Eq. 3.5h)

adj

=Ks,

exp./

cc, ., =Kse, CC, (Eq. 3.51)

x.adj

where CGC and CCy are the canopy growth coefficient (fraction or percentage per day)
and the maximum canopy cover (fraction or percentage) in the absence of soil fertility or
soil salinity stress, and Ksexp r and Ksccy the stress coefficients.

For non-limiting soil fertility (i.e. soil fertility stress is zero) and in the absence of soil
salinity stress the stress coefficients are 1. When the soil fertility/salinity stress is
complete, crop growth is no longer possible and the Ks coefficients reach their theoretical
minimum of zero. Between the upper and lower limits the Ks coefficients vary between 1
and 0 (Fig. 3.5g).
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soil fertiltiy/salinity stress
Figure 3.5g

Soil fertility stress coefficient for various soil fertility/salinity stresses (full line) with
indication of the Ks and soil fertility/salinity stress used for calibration (square)
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The shape of the Ks curves can be convex, linear or concave and may differ between the
2 Ks curves. The shape of each of the curves is determined at calibration by specifying a
value between 1 and 0 for Ksey,r and Ksccx for the particular soil fertility stress at which
the crop response is calibrated (see Chapter 2, section 2.9.7 — Calibration for soil fertility
or soil salinity stress).

Due to the fertility/salinity stress in the soil, the canopy cover (CC) will steadily decline
once CC, is reached at mid season (Fig. 3.5h). The average daily decline of the canopy
cover is given by fepeciine (fraction per day). Since the decline becomes stronger when
time advances, the adjustment for the Canopy Cover between the time when full canopy
cover is reached (tau canopy) and the start of canopy senescence at late season (teen), is
simulated by:

( ¥
cc, =CC. ., =1t canopy (Eq.3.5)
= .y~ Semane T, q.3.55

adj

sen canopy

where t is the time (days or growing degree days) after full canopy is reached.

Canopy cover
(cc)

Figure 3.5h
Canopy cover in the absence (light area) and in the presence (dark area) of soil
fertility/salinity stress

The calibration for the average daily decline of the canopy cover (fcpeciine) follows the
same approach as for Ksexp and Kscex. In the absence of soil fertility or soil salinity
stress the decline is zero (see Chapter 2, section 2.9.7 — Calibration for soil fertility or soil
salinity stress). When the stress is complete (100%), a maximum decline of 1 % per day
is assumed. Between the upper and lower limits fepeciine Varies between 0 and 1 % per
day.

Reference Manual, Chapter 3 — AquaCrop, Version 4.0 June 2012 327

3.5.6 The effect of soil salinity stress on the thresholds for soil water
depletion

Due to osmotic forces, which lower the soil water potential, the salts in the root zone

makes the water less available for the crop. The osmotic forces are likely to alter also the

upper and lower thresholds for root zone depletion at which soil water stress (i) affects

leaf expansion (Ksie,r), and (iii) triggers canopy (KSqen). This is simulated by

multiplying the fractions (pupper and prower) of TAW with Ksyo san (Fig. 3.51).

no stress —— 1.0 5
Ks o5
0.6
04
0.2 7
full str 0.0
0.0

root zone depletion

Figure 3.5i — Shift of the thresholds (circles) for root zone depletion and its effect on th
threshold for leaf expansion and canopy senescence (lines) with (black) and without
(gray) the effect of soil salinity on the thresholds.

By means of the Program settings in the Crop characteristics menu, the user can switch
“on” or “off” the additional effect of salinity stress on the thresholds. The effect is only
considered for the simulation of canopy development, but has no effect on the adjustment
of the Harvest Index (to avoid the double effect of soil salinity on crop yield).
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3.6 Effective rooting depth

The effective rooting depth is defined as the soil depth where root proliferation is
sufficient to extract most of the crop water demand. The expansion of the effective
rooting depth (Z) in a well water soil is simulated by considering an exponential root
deepening function till the maximum rooting depth (Zy) is reached (Fig. 3.6a (a)). Since
in AquaCrop the time to reach maximum canopy cover (CCy) is independent from the
time to reach Z,, the interdependence between root and shoot is not tight.

Since root growth is more resistant to water stress than leaf growth, root development is
not affected when canopy expansion starts to be reduced. Only when the soil water stress
starts to affect crop transpiration, the incremental daily root deepening under normal
condition is adjusted to the water stress (Fig. 3.6a (b)). If there is at a certain depth a
layer of soil restrictive to root growth, roots should deepen normally until the restrictive
layer is reached (Fig. 3.6a (c)).

effective rooting depth (Z)
in a well watered soil

(@)

time, time

soil water stress restrictive soil layer
(b) (c)

Figure 3.6a
Calculation scheme in AquaCrop for root deeping: (a) in a well watered soil,
(b) when water stress affects crop transpiration, and (c) in the presence of a
restrictive soil layer inhibiting root development

3.6.1 Effective rooting depth at planting (Z,)

The rooting depth at planting is very small and corresponds with the sowing depth or the
rooting depth of the transplanted seedling. The effective rooting depth at planting, Z,, is
the soil depth from which the germinating seed or the young seedling can extract water
and is larger than the sowing depth. For water balance calculation, a minimum effective
rooting depth of 0.2 to 0.3 meter is generally considered appropriate.

3.6.2 Expansion of the root zone in a well watered soil

The root deepening rate is a function of crop type and time. In AquaCrop the
development of the rooting depth is simulated by considering the n™ root of time. Once
half of the time required for crop emergence (or plant recovery in case of transplanting) is
passed by (t/2), the rooting depth starts to increase from an initial depth Z, till the
maximum effective rooting depth Z, is reached:

(Eq. 3.6a)

where Z effective rooting depth at time t [m];

Zy starting depth of the root zone expansion curve [m];

Zx maximum effective rooting depth [m];

to time to reach 90 % crop emergence [days or growing degree days|;

t time after planting when Zry is reached [days or growing degree days];

t time after planting [days or growing degree days];

n shape factor.

The development of the effective root zone starts when Z exceeds the minimum effective
rooting depth (Z,) and advances till the maximum effective rooting depth (Z,) is reached
(Fig. 3.6b). At any time the effective rooting depth Z is given by

7,<7<7Z, (Eq. 3.6b)
The shape factor n, which is crop specific, determines the decreasing speed of the root
zone expansion in time. For values larger than 1, the expansion of the root zone is more
important just after planting than later in the season. The larger the value of n, the
stronger the di: between the ion rates at the beginning and end of the
period for root zone expansion. The expansion of the effective root zone is constant
(linear) when n is 1.

The starting depth of the root zone expansion curve Z, is a program parameter and
expressed as a fraction of Z,. The average expansion rate of the effective root zone can
never exceed a maximum value (fixed at 5 cm/day).
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The shape factor, fiape, is @ program parameter which can be adjusted by the user. The
effect of water stress on the reduction of the root zone expansion is:

sowing emergence - strong for fipe = 0, and given by the linear relationship:
transplanting
time dZ = Ks,, dZ (Eq.3.6¢)
1Z, " ) . e
R N~ A z, - small to medium for -1 < fye < -8, and given by an exponential relationship:
P dz,,~ (Eq. 3.6d)
£ z i
E S
] ‘ﬁi
s avemg? Making fiape (default is -6.0) more negative minimizes the effect of water stress on
g ~.expansion rate devel hereas devel is slowed significant in th
2, 3L root zone development, whereas root zone development is slowed significant in the
1 N early period of stress development if fp is close to -1.0 (Fig. 3.6¢).
>
r ‘ & ‘ ‘ ‘ ‘ not affected
} } } ¢ ¢ ¢ ¢ 0Z,5 =dZ
Figure 3.5b c = L i
Development of the effective rooting depth (shaded area) % ®
from sowing till the maximum effective rooting depth (Z,) is reached S Y »
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3.6.3 Rooting depth for Forage crops N \\«;@9

The rooting depth of perennial forage and pasture crops develops only in the first season. 8

From the second season onwards, the rooting depth is constant and equal to Z,. = L7 ~—- - -

completely
halted t t t t t t t t t
dZ,; =0 0 01 02 03 04 05 06 07 08 09 1

3.6.4 Expansion of the root zone when the crop is water stressed o [ !

Water stress affects crop development. Leaf expansion can already be reduced at small (p:rswgs::( nostress

root zone depletions. The development of the root zone starts to be affected when the root wilting point)

zone depletion exceeds the upper threshold for stomatal closure (Dr > pg, TAW). At this Kssto

depletion the water stress coefficient for stomatal closure (Ksyo) becomes smaller than 1.

The reduction in the expansion of effective rooting depth is determined by the magnitude Figure 3.6¢

of the Ksy, and a (negative) shape factor, fuape.
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The effect of water stress on the reduction of root zone expansion for
various shape factors (fsnape) and water stress in the root zone (Ksq,)
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3.6.5 Expansion of the root zone in a shallow soil

The effective rooting depth might not reach its maximum value if a restrictive soil layer
limit root development or when the exploitable soil depth is smaller than Z,. The root
deepening rate is described by Eq. 3.6a, but once the effective rooting depth reaches the
restrictive soil layer, the expansion is halted (Fig 3.6d).
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Figure 3.6d
Development of the effective rooting depth (shaded area)
in presence of a restrictive soil layer inhibiting the expansion of the root zone

3.7 Soil water balance

3.7.1 Time - depth grid

To describe accurately the retention, movement and uptake of water in the soil profile
throughout the growing season, AquaCrop divides both the soil profile and time into
small fractions (Fig. 3.6a). As such the one-dimensional vertical water flow and root
water uptake can be solved by means of a finite difference technique (Carnahan et al.,
1969; Bear, 1972). A mesh of grid lines with spacing Az and At is established throughout
the region of interest occupied by the independent variables: soil depth (z) and time (t).
The flow equation and water extraction by plant roots is solved for each node at different
depths z; and time levels tj so that the dependent variable — the moisture content 6;; - is
determined for each node of the solution mesh and for every time step.

o WYYV PP e
] (\W, i -
LRI LT 322

soil depth

At nodes

Figure 3.7a
The time(t) - depth (z) grid
for the solution of the soil water balance in AquaCrop

In AquaCrop the time increment is fixed at one day and the depth increment (Az) is by
default 0.1 m. The soil profile is such divided into soil compartments (12 by default) with
thickness Az (Fig 3.7b). The hydraulic characteristics of each compartment are that of the
soil horizon to which it belongs. If a crop is selected with a deep effective root zone,
AgquaCrop will adjust the size of the compartments (Az) to cover the entire root zone. For
deep root zones, Az is not constant but increases exponentially with depth, so that
infiltration, soil evaporation and crop transpiration from the top soil horizon can be
described with sufficient detail. Program settings allow the user to adjust the number and
size of the soil compartments.
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Figure 3.7b

Soil horizons and soil compartments

3.7.2 Calculation scheme

In AquaCrop, the differential flow equation is replaced by a set of finite difference
equations (subroutines), written in terms of the dependent variable 8 (Fig. 3.7c). The
simulation starts with the drainage of the soil profile. Subsequently water infiltrates into
the soil profile (after the subtraction of surface runoff), and finally the amount of water
lost by soil evaporation and crop transpiration is calculated. In each of the described
subroutines, the soil water content is updated at the end of the time step (j) and at each
grid point (i), according to the calculated water content variation (A). The final water
content variation at the end of a time step is the result from various processes described in
different subroutines.

Since the magnitude of the changes in soil water content, simulated in each of the
subroutines, depends on the actual soil water content, the sequence of the calculations
might theoretically have an influence on the final simulation result. The effect however
will be small since the time step is restricted to one day. Further on, major changes in soil
water content of the soil profile as a result of infiltration, internal redistribution of soil
water and drainage, will only occur in a wet soil profile. But since in a wet soil the
evaporation and transpiration are at their maximum rate, evapotranspiration is at that
moment only dictated by the atmospheric water demand and crop development and hence
independent of the soil water content in the soil profile. On the other hand, when the soil
profile is dry, the simulated evaporation and transpiration rate depends strongly on the
soil water content but at that moment soil water flow in the soil profile does not take
place.
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percolation

Figure 3.7¢
Calculation scheme of the soil water balance in AquaCrop

3.7.3 Redistribution and drainage subroutine

= Drainage function

To simulate the redistribution of water into a soil layer, the drainage out of a soil profile,
and the infiltration of rainfall and/or irrigation, AquaCrop makes use of a drainage
function (Raes, 1982; Raes et al., 1988; Raes et al., 2006):

A8, e |
v 7y =brc) poe— (Eq. 3.72)

Where AB/At decrease in soil water content at depth i, during time step At
[m’.m>.day'];
T drainage characteristic [-];
0; actual soil water content at depth i [m".m"];
BOsat  soil water content at saturation |m3.m'1];
Orc soil water content at field capacity [m*.m?];
At time step [day].

note: IF 6,=06r THEN A8;/At =0
IF 6 =0sar THEN ABy/At = T (65T - OFC)
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saturation

soil water content

time (day)

Figure 3.7d
Variation of soil water content over time
in a free draining soil layer with a drainage characteristic of T = 0.4

The drainage function describes the amount of water lost by free drainage over time
between saturation and field capacity (Fig. 3.7d). The function is assumed to be
exponential. When field capacity is reached further drainage of the soil is disregarded.
The drainage function mimics quite realistically the infiltration and internal drainage as
observed in the field (Raes, 1982; Feyen, 1987; Hess, 1999; Wiyo, 1999; Barrios
Gonzales, 1999, Raes et al., 2006).

= Drainage characteristic  (tau)

The drainage is described by the dimensionless drainage characteristic T (tau). The
drainage characteristic () expresses the decrease in soil water content of a soil layer,
originally at saturation, at the end of the first day of free drainage. It is expressed as a
fraction of the total drainable amount of water, which is the water content between
saturation and field capacity. In Figure 3.7d, 7 is 0.4, which means that 40 % of the total
drainable amount of water is lost from the fully saturated soil layer after one day of free
drainage. The value of T may vary between 1 (complete drainage after one day) and 0
(impermeable soil layer). The larger T, the faster the soil layer will reach field capacity. A
coarse textured sandy soil layer has a large T while the T value for a heavy clay layer is
very small. In AquaCrop the close relationship (Barrios Gonzales, 1999) between the
dimensionless drainage characteristics (1) and the hydraulic conductivity at saturation
(Kga) is used to estimate the tau value:

0<7 =0.0866 Ksar’* <1 (Eq. 3.7b)

where K is given in mm/day.
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= Calculation procedure

In a uniform soil equally wet it can be assumed that the decrease in soil water content per
day (A®/At) is constant throughout the draining profile. Given the actual soil water
content, the corresponding drainage ability AG/At (mj,m".day") is given by Eq. 3.7a. The
amount of water DP (mm), which percolates out of the bottom of the soil profile at the
end of each day, is given by:

DP =1000 % Az At (Eq. 3.7¢)
s

where 6 the soil water content of the draining soil profile [mx.mi];
AO/At drainage ability given by Eq. 3.6a [m’.m™.day'];
Az the thickness of the draining soil profile [m];
At the time step (1 day).

To simulate internal drainage in a profile composed of various compartments, not
necessarily equally wet and may belong to soil horizons with different T values, the
calculation procedure considers the drainage ability (A6i/At) of the different
compartments. The drainage ability for a particular soil water content between saturation
and field capacity is given by Eq. 3.7a. The drainage ability is zero when the soil water
content is lower than or equal to field capacity.

Given the soil water content of compartment 1, the decrease in soil water content during
time step At is given by Eq. 3.7a. The amount of water D; (mm) that percolates out of the
top compartment at the end of a time step is given by:

Al
D, =1000 A6, Az, At (Eq. 3.7d)
At
where D, the flux between compartment 1 and 2 [mm];
Ch the soil water content of the top compartment [m”.m”];

Az, the thickness of the top compartment [m];
At the time step (1 day).

Subsequently the soil water content of the top compartment is updated. The same
calculations are repeated for the successive compartments. It is thereby assumed that the
cumulative drainage amount ZD; = Dy + D, + ... will pass through any compartment as
long as its drainage ability is greater than or equal to the drainage ability of the
upperlying compartment. By comparing drainage abilities and not soil water contents, the

is of the soil layer to which succeeding compartments

may belong.

If a compartment is reached which drainage ability is smaller than the upperlying
compartment, £D; will be stored in that compartment, thereby increasing its soil water
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content and its drainage ability (Fig 3.7¢). If the soil water content of the compartment
becomes thereby as high that its drainage ability becomes equal to the drainage ability of
the upperlying compartment, the excess of the cumulative drainage amount, increased
with the calculated drainage amount D; of that compartment, will be transferred to the
underlying compartment (as is the case in compartment 4 and 5 of Figure 3.7¢). If the
entire cumulative drainage amount can be stored in a compartment without increasing its
soil water content in such a way that its drainage ability becomes equal to that of the
upperlying compartment (as is the case in compartment 6), only the calculated drainage
amount of that compartment will be transferred to the underlying compartment. If in a
compartment the soil water content remains below field capacity, its drainability is zero
and no water is transferred to the underlying compartment. At the bottom of the soil
profile, the remaining part of D will be lost as deep percolation (XD = DP).

soil water content cumulative drainage
[}
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2 D, \<4
8 D, | D, D
4 1AZ, DIAZ,
5 ZD{AZ,
6 TDIAZ, T T
7
< D P
218
ks [ P
3 |9
o
deep percolation (DP)
Figure 3.7¢

Schematic presentation of a draining soil profile (left) with indication of the soil
water content before (full line) and at the end (dotted line) of the process of internal
redistribution of the water, and the calculated cumulative drainage (right)

In each compartment, the cumulative drainage amount XD; that passes through should be
smaller than or equal to the maximum infiltration rate of the soil layer to which the soil
compartment belongs. If not so, part of the XD; will be stored in that compartment, or if
required in the compartments above, until the remaining part of £D; equals the infiltration
rate of the soil layer.
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3.7.4 Runoff subroutine
The estimation of the amount of rainfall lost by surface runoff is based on the curve
number method developed by the US Soil Conservation Service (USDA, 1964; Rallison,
1980; Steenhuis et al., 1995):

RO= Ir—02)sF (Eq. 3.7¢)
P+5-(0.2)S
100
§ =254 —-1 Eq. 3.7f
( N ] (Eq.3.7)
where RO amount of water lost by surface runoff [mm];
P rainfall amount [mm];
0.2)S initial abstraction [mm];, or
the amount of water that can infiltrate before runoff occurs

N potential maximum storage [mm], Eq. 3.7f;
CN Curve Number

The runoff process is described by Eq. 3.7e. Rain that falls on unsaturated soil infiltrates,
increasing the soil water content until the topsoil becomes saturated (P = 0.2S), after
which additional rainfall becomes surface runoff. A soil with a high Curve Number (CN)
will have a small potential storage (S) and may loose a large amount of rainfall as runoff.
The Curve Number of a soil is a function of its type, slope, land use, cover and the
relative wetness of the top soil (Tab. 3.7a).

Table 3.7a
Indicative CN values for various Antecedent Moisture Classes (AMC) II and their
corresponding values for AMC I (dry) and III (wet) for various infiltration rates.

AMC | Soil water content Infiltration rate (mm/day)
>250 250-50 50-10 <10
1 0 = Opwp 45 56 63 70
i1 65 75 80 85
I | 0=0r 84 88 91 93

In AquaCrop (soil characteristics) the specified CN value is the value that belongs to the
antecedent moisture class AMC II (CNawmc n). This value is considered when the soil
water content in the top soil is half way between Field Capacity and Permanent Wilting
Point. At run time, the specified Curve Number (CNawmc 1) is adjusted for the simulated
wetness of the top soil layer. To adjust CN to the dent moisture class, relationshi
derived from CN values for various AMC presented by Smedema and Rycroft (1983) are
used (Tab. 3.7a). The relationships used in AqauCrop to derive CNamc 1 and CNamc i
from CNapic n are:
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CN o) ==16.91+1.348 CN ., —0.01379 CN,, +0.0001172 CN ey
with 0< CNgyes <100 (Eq.3.79)

CN ey = 2.5838+1.9449 CN 0., —0.014216 CN2, ., +0.000045829 CN'y e
with 0< CNuyem <100 (Eq.3.7h)

The storage capacity of a soil is indeed somewhat larger (smaller CN value) if it is dry
than when it is wet. By linear interpolation between the corresponding CN values at
various antecedent moisture classes, CN is adjusted to the wetness of the topsoil.

The calculation of the relative wetness of the topsoil extends to a depth of 0.3 meter. In
the calculation, the soil water content at the soil surface has a larger weight than the soil
water content at 0.3 meter (Fig. 3.7f):

Fara_
W =1-22 7 ! (Eq. 3.71)
exp’ -1

where wy relative weighing factor
f shape factor (fixed at -4)
d soil depth (m)
dx the maximum depth considered as relevant for the adjustment of CN
(default = 0.3 m)

soil surface

soil depth

00 02 04 06 08 1.0
Wre

Figure 3.7f
The value for the relative weighing factor (w.) at various soil depths
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Program settings allow the user to switch off the adjustment of CN for soil wetness and to
adjust the default thickness of 0.3 m. Current thinking (Hawkins (personal
communication) 2002) is that the AMC-I and AMC-III CN’s are ‘error-bands’ to describe
departure of surface runoff from all kind of sources, including soil moisture. There seems
to be no much literature references to show real consistent impacts of prior soil water
content on surface runoff on the scale proposed by USDA.

For simplicity, irrigation is assumed to be fully controlled; hence the runoff subroutine
(for rainfall) is bypassed for irrigation water infiltration and tailwater is assumed to be
zero. If surface runoff from the field is important when irrigating, the above assumption
requires that irrigation be specified as a net application amount. The maximum amount
that can infiltrate the soil, either as rainfall or irrigation, is however limited by saturated
hydraulic conductivity of the topsoil layer. Excess water, is considered as lost by surface
runoff.

Field practices (ploughing practices, ridges or soil bunds) might limit or prevent soil
surface runoff. In case the field is surrounded by soil bunds, the runoff subroutine is
bypassed. Water that cannot infiltrate as a result of excessive rainfall or irrigation will be
stored between the bunds. The storage capacity is however limited by the height of the
bunds. Water that overtops the bunds is assumed to be lost by surface runoff.

3.7.5 Infiltration subroutine

After the subtraction of surface runoff, the remaining part of the rainfall and irrigation
water will infiltrate into the soil profile. In AquaCrop the amount of water that infiltrates
in the soil profile is stored into succeeding compartments from the top downwards,
thereby not exceeding a threshold soil water content 8°% (ms.m“‘). The threshold 6% at a
particular soil depth, depends on the infiltration rate of the corresponding soil layer and
on the amount of infiltrated water that is not yet stored in the soil profile. The drainage
rate at 8%, should correspond with the amount of water that still has to pass through the
compartment during the time step. If the flux exceeds the maximum infiltration rate of
the corresponding soil layer (6°% = Bsat), extra water will be stored in the compartments
above, until the remaining part, that has to pass through the compartment per unit of time
step, is equal to the maximum infiltration rate.

The calculation procedure is not pletely indep of the thi of the soil
compartments. However, the simulation mimics quite realistic the infiltration process, by
taking into account the initial wetness of the soil profile, the amount of water that
infiltrates during the time step, the infiltration rate and drainage characteristics of the
various soil layers of the soil profile.
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3.7.6 Capillary rise

= Capillary rise for various depths of the groundwater table

The upward flow from a shallow groundwater table to the top soil can be described with
the Darcy equation by considering the water retention curve (h-0 relationship) and the
relationship between matric potential (h) and hydraulic conductivity (K). Since h-6 and
K-h relationships are not available in AquaCrop, capillary rise is estimated by
considering the soil type and its hydraulic characteristics.

The relationship between capillary rise and the depth of the groundwater table is given by
the exponential equation:

CR:exp[M) (Eq. 3.7))
a

where CR is the expected capillary rise (mm.day'l), z the depth (m) of the water table
below the soil surface and a and b parameters specific for the soil type and its hydraulic
characteristics. Since the magnitude of capillary rise is strongly affected by the shape of
the water retention curve and the K-h relationship, the a and b parameters of the equation
varies with the textural class (Fig. 3.7g).

Av_-nv_Aw o
AN avay avavaN Il |
\VAVAN S
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% % B 9% 2 %

°
percent sand

Figure 3.7g —Textural triangle with indication of the 12 different soil types and the 4 soil
Classes considered for the determination of the a and b parameters of Eq. 6.1a.
L Sandy soils (dark area), II. Loamy soils (grey area),
III. Sandy clayey soils (white area) and IV. Silty clayey soils (dark area).
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The a and b parameters describing the capillary rise in AquaCrop were obtained in 4

successive steps:

1. Selection of typical water retention curves for the various textural classes. By
considering similarities in h-6 relationshi the 12 distinguished classes were
grouped into 4 Classes: I. Sandy soils, II. Loamy soils, ITI. Sandy clayey soils, and
IV. Silty clayey soils (Fig. 3.7g). For each of the classes one representative water
retention curve was selected;

2. Generation for each of the 4 classes a set of K-h relationships from the shape of the
unique h-0 relationship (obtained in step 1) by considering the range of saturated
hydraulic conductivities (K. typical for each class (Tab. 3.7b);

3. Simulation of the capillary rise that can be expected for each of the 4 soil classes at
various depths (z) of the water table by considering the typical water retention curve
(step 1) and the different d K-h relationships (step 2). Simulati were
carried out with the UPFLOW software (Raes and De Proost, 2003);

4. From the obtained CR-z plots (step 3), a and b soil parameters were derived by
Janssens (2006) for each class (by considering the saturated hydraulic conductivity
(Kiu) as the independent variable). The coefficients of determination for the a and b
equations (Eq 3.7k and 3.71 in Tab. 3.7b) were always high (R’ > 0.96).

The capillary rise from a shallow groundwater table (Eq. 3.7j) for the 4 soil classes and

for various depths of the groundwater table are plotted in Figure 3.7h.

Table 3.7b — Equation 3.7k and 3.71 for the 4 soil Classes with indication of the
i range for the saturated hydraulic conductivity (Kgu) (Janssens, 2006).

Soil Class Range a b
Kaat
g Egq. 3.7k Eq.3.71
I. Sandy soils 200
sand, loamy sand, to —03112- 10" K —1.4936 + 0.2416 In(Kyu)
sandy loam 2000
1II. Loamy soils 100
loam, silt loam, silt to —0.4986 +9 (10'5) Ko | —2.1320 + 0.4778 In(Kw)
750
1I1. Sandy clayey 5
soils to —0.5677 —4 (10°) K | —3.7189 +0.5922 In(Ksa)
sandy clay, sandy 150
clay loam, clay loam
1V. Silty clayey 1
soils to —0.6366 + 8 (10™) Ky | — 1.9165 +0.7063 In(Ksu)
silty clay loam, silty 150
clay, clay
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Capillary rise (mm/day)

0 2 4 6 8 10
00 4+t IS ST I
E /@/’/_—4
o 05
o
8
T
3
»
3 10
@
H
2
o
Q
c 15
a
o
T°
g
T 20 ]
3
T°
<
H
2
O 25 .
1. Sandy soils
2. Loamy soils
3. Sandy clayey
4. Silty clayey
20

Figure 3.7h - Capillary rise to a bare soil surface, as obtained with Eq. 6.1a, for the 4
considered soil Classes and for various depths of a shallow groundwater table and by
assuming a typical saturated hydraulic conductivity (Ksat) of 500 mm/day for Class I
(Sandy soils), 250 mm/day for Class II (Loamy soils), 100 mm/day for Class III (Sandy
clayey soils) and 25 mm/day for Class IV (Silty clayey soils).
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= Generation of the parameters for capillary rise

The soil profile in AquaCrop can be composed of up to five different horizons, each with
their own physical characteristics. The soil data for the various soil horizons consist in
the soil water content at saturation (8s.), field capacity (8kc), and permanent wilting
point (Bpwp), and the value for the hydraulic conductivity at soil saturation (Ksat).

To generate default values for the a and b soil parameters (Eq. 3.7j), AquaCrop

determines:

- inafirst step the class of the soil type for each of the soil layers. The classification is
obtained by comparing the volumetric water content at saturation, field capacity and
permanent wilting point of each soil layer with the expected ranges of those soil water
contents in the 4 classes (Tab. 3.7¢);

- in the next step, the a and b soil parameters for each soil layer with Eq. 3.7k and 3.71
(Tab. 3.7b) by considering (i) the soil class and (ii) the specified saturated hydraulic
conductivity (Ksat).

Table 3.7c — Ranges considered for the soil water content at saturation, field capacity and
permanent wilting point for the 4 soil classes

Soil water content (vol %)
Soil class Saturation Field Capacity Permanent Wilting
Point
1. Sandy soils 32-51 9-28 4-15
1. Loamy soils 42 -55 23-42 6-20
1I1. Sandy clayey soils 40-53 25-45 16 -34
1V. Silty clayey soils 49 -58 40-58 20-42

In the Soil profile characteristic menu, the soil class and the default values are displayed.
If required the user can calibrate the a and b soil parameters by considering the simulated
capillary rise for various depths of the groundwater table (see Chapter 2, section 2.13 Soil
profile characteristics).

= Equilibrium at field capacity

After the drainage of a thoroughly wetted soil profile, the soil water content will remain
at Field Capacity (FC) in the absence of any soil water extraction. In the presence of a
shallow groundwater table, the soil water content in the soil profile is in equilibrium with
the groundwater table and varies with soil depth (Fig. 3.7i).

To simulate drainage and capillary rise correctly, AquaCrop needs to know this
equilibrium state (called adjusted Field Capacity). In AquaCrop a parabolic function is
used to describe the adjustment of FC in the presence of the groundwater table:

Orcas,i = Orc + A0y ; (Eq. 3.7m)
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with A8, =[<9¥L forzi<=x  (Eq.3.7n)
X

where Opc soil water content at FC in the absence of a groundwater table (m3 m'3)
ABgc; increase in FC at height z; above the groundwater table (m*m?)
Orcadjs adjusted FC at height z; above the groundwa(er table (m® m?)
Bgat soil water content at saturation (m m'x)

zi height above the groundwater table (m)
X height above the groundwater table where FC is no longer adjusted
soil surface
/777 ANNNNN

soil depth

x meter

[ T e A

table

soil water content

Figure 3.7i — Soil water profile in equilibrium with the groundwater table

At a height of X meter or more above the groundwater table, the adjustment of Field
Capacity is neglected. At the groundwater table, Bgcagj is equal to By, and at a height of
X meter or more above the groundwater table (where z; > x), Ocaaj; is equal to Orc (Fig.
3.70).

The value for x can be derived from the soil matrix potential at Field Capacity (FC)
which varies between -10 kPa (for the more sandy soils) to -20 kPa (for the more loamy
and clayey soils) when expressed as energy per unit volume. This corresponds with a
head (energy per unit weight) of about — 1 m water (pF 2.0) up to — 2 m (pF 2.3). By
considering indicative values for the soil water content at FC of 10 vol% for the more
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sandy and 30 vol % for the more loamy soils, the height (meter) where the effect of the
groundwater table on FC can be neglected is given by:

:‘m(u‘
10

Y= Eq. 3.70.
x N (Eq )

where B¢ the soil water content at FC (vol %) varying between 10 and 30 vol% (Tab.
3.7d).

Table 3.7d - The soil water content at Field Capacity (Brc) and the height (x) above
which the effect of the groundwater table on FC can be neglected (Eq. 3.70).

B¢ (vol%) X (meter)
Brc < 10 vol% 1.00
15 L19
20 1.41
25 1.68
Ok 2 30 vol% 2.00

= Calculation procedure

Concept
The calculation starts at the bottom compartment (n) of the soil profile, and moves step

by step upwards to the upper lying compartments (i+1, i, i-1, ..) till the top compartment

(1) is reached (Fig 6.4a). The calculation procedure consists of the following steps:

. Calculation of the maximum amount of water that can be transported upward by
capillary rise to the node (center) of the compartment (CRpaxi) by considering the
depth of the groundwater table below the center of the soil compartment (z;) and the
characteristics of the soil layer (Eq. 3.7j);

2. Storage of water in that compartment till ; is equal to Bgcygj; or all the CRpyyi has
been stored. The amount of water stored in compartment i is:

IF 0 < Orcags THEN W,,,.p, =1000 (e, =6 A%, S fon, CRo, (Eq.3.7p)

ELSE W,,.,; =0 (Eq. 3.79)

where Az; is the thickness of the compartment (m), fcg; the capillary rise factor (Eq.

3.7u), and Woreai the stored amount of water (mm) in the compartment. The amount

of water still to store is obtained by subtraction the stored amount of water from

CRuai
Wieenain = CRouxs =Wooreas (Eq.3.7r)
Reference Manual, Chapter 3 — AquaCrop, Version 4.0 June 2012 3-48




where Wiemain is the amount of water still to store (mm). If the soil water content (6;)
of the compartment was initially at 8fc.qj; no water could have been stored and
Weemain 18 equal to CRpgyi. If the stored water (Wioreai) is equal to CRpyax, the
calculation stops since Wremain becomes zero;

soil water content
1 IH

table

Figure 3.7j - The maximum amount of water that can be transported upward by capillary
rise (CRpax,i) and the adjusted field capacity (FC,g;;) for the node of compartment i, at a
height of z; meter above the groundwater table

3. Aslong as Wiemain is not zero, the calculation continues by moving to the next upper
lying compartment (i-1). The calculations restart with step 1, i.e. with the calculation
of CRpg for that compartment (CRpaxi1). The calculation will continue with the
minimum of CRpaxi-1 ahd Wremain. This control takes care of (i) water already stored
in the underlying compartments and (ii) possible changes of layers in the soil profile
when moving upward (whereby the restricted capillary capacity of an underlying soil
layer, limits the upward flow to the upper lying soil layers).

The calculation stops if all the water has been stored (Wiemain becomes 0) or the soil
surface is reached (i = 1). The total amount of water that has been moved upward by
capillary rise to the soil profile is given by the sum of the water stored in each of the
compartments:

(Eq. 3.7s)

tored.i

CR=3W,
&
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Adjustment for soil water content

The water movement in the soil is determined by (i) a driving force (i.e. the water

potential gradient) and (ii) the capacity of the soil to conduct the water (i.e. the hydraulic

conductivity):

— In the absence of a water potential gradient the soil water content (8) in the profile is
at Orcag (Fig. 3.7i). Water moves downward (drainage) if © > Bgc,gj and upwards
(capillary rise) when 8 < Ogc,gj. The larger the difference between 8 and Brcug;, the
stronger the water potential gradient, and the stronger the driving force for water
movement.

—  When most of the soil pores are filled with water as in a wet soil, the capacity of the
soil to conduct the water and hence the hydraulic conductivity are large. In a soaked
soil all pores are able to conduct the water and the hydraulic conductivity is at its
maximum (Ksat, the saturated hydraulic conductivity). If the soil is dry, only the
small pores contain water and the hydraulic conductivity is very low. In a dry soil,
water can only move if the potential gradient is huge.

Upward flow affected by the potential gradient (driving force)
To move water upward from a groundwater table a water potential gradient is required.
The strength of the gradient is expressed in AquaCrop by the relative wetness:

6,6,

relative weiness = (Eq.3.70)

wi.i = Orwe

where 6; is the soil water content at a height z; above the groundwater table, and Bpwp and
Bcagii the soil water content at the Permanent Wilting Point and the adjusted Field
Capacity respectively.

The restrictions for upward water movement as a result of a low potential gradient is
estimated by considering a power function of the relative wetness and is expressed by a
capillary rise factor (fcg;):

Fers :1*{7‘9’ o } (Eq. 3.7u)
s,

caiii = Opwr

The capillary rise factor, fcg;, varies with the soil water content (8;) and ranges between 1
and 0 (Fig. 3.7k). The capillary rise factor considers on the one hand the driving force for
upward water movement and on the other hand the hydraulic conductivity.

If the top soil is dry, the potential gradient is strong and the driving force for water
movement is strong as well (fcg = 1). The wetter the soil profile, the smaller the potential
gradient and the smaller the upward water movement (fcg < 1). If the soil water content at
a given height above the groundwater table is equal to 6pcagji, upward water movement is
fully inhibited due to the absence of any water potential gradient. The power (x) in
Equation 6.4f is a program parameter and set at 16 for testing.
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Figure 3.7k — The capillary rise factor (Eq. 3.7u) for different soil water content in the
soil profile above the groundwater table and values for the power x.

The power (x) in Equation 3.7u is a program parameter which can vary between 5 and 30
(with 16 as default). With the program parameter the user can adjust the simulated
capillary rise. Increasing the required soil water content gradient (by reducing x) will
limit upward flow from the groundwater table, while reducing the required soil water
content gradient (by increasing x) will facilitate the capillary rise to the soil profile.

The capillary rise factor affected by the hydraulic conductivity

Although the soil water potential gradient becomes very high when the top soil is very
dry, upward movement of water is restricted due to the extreme low hydraulic
conductivity in a dry soil. If the soil water content drops below the threshold halfway
between Field Capacity and Permanent Wilting Point, fcr decreases linear from 1 (at the
threshold) to zero when Permanent Wilting Point is reached (Fig. 3.7k).

Capillary rise versus drainage

The calculation of upward movement from a groundwater table, which starts at the
bottom compartment will stop when a compartment i is reached which soil water content
is above Brcygji. At this soil water content the compartment is draining and water cannot
be stored (fcr; = 0). More important, as a result of the downward movement of water,
water can no longer move further upwards to the upper lying compartments.

If the total soil profile is draining (8, > Orcagn), the calculation process does not start at
all. As long as water moves out of the bottom compartment, capillary rise to the soil
profile is inhibited. After a thorough drainage, the upward movement of water can not
restart immediately since all over the soil profile, 6; is equal to Bgcaqji and fer; is zero
(Eq. 3.7u). Capillary rise is restored when sufficient water is extracted out of the soil
profile by crop transpiration and/or soil evaporation and fcg i becomes larger than 0 (Fig.
3.7u).
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Root zone expansion

Roots of crops sensitive to water logging can not develop below the groundwater table.
Hence, the maximum rooting depth (Z,) is restricted to the depth of the groundwater
table. If later in the season the water table drops, the root zone will expand till Zy is
reached.

If during the season the water table enters in the root zone, the roots under the
groundwater table will become inactive and might die off. If later in the season the water
table drops, it is assumed that the part of the root zone that was flooded becomes active
again and that the root zone expands till Zy is reached.

on is hampered when the soil water content in the root zone results in deficient
soil aeration. If the water content in the root zone is above the anaerobiosis point the root
zone becomes water logged and transpiration is limited. This is likely to be the case if the
groundwater table is very shallow and the soil water content in the root zone is close to
saturation (Fig. 3.71).

The sensitivity of the crop to water logging is specified by the soil water content
(anaerobiosis point) at which the aeration of the root zone will be deficient for the crop
and starts to affect crop transpiration (section 3.10 Crop transpiration). To simulate the
resistance of crops to short periods of waterlogging, the full effect will only be reached
after a specified number of days.
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3.7.7 Processing of 10-day and monthly climatic data

= Daily climatic data

For each day of the simulation period, AquaCrop requires:

- the minimum (T,) and maximum (Ty) air temperature;

- the reference evapotranspiration ETo; and

- rainfall depth.

The input may consist of daily, 10-day or monthly Ty, Ty, ETo and Rainfall data. At run
time, the 10-day and monthly data are processed to derive daily minimum and maximum
air temperatures, ETo and rain data.

By weighing the reference evapotranspiration rates and air temperatures in the previous,
actual and next 10-day period or month, daily ETo rates, and the daily maximum and
minimum air temperatures are obtained in AquaCrop. The calculation procedure is based
on the interpolation procedure presented by Gommes (1983). The same interpolation
procedure is applied for 10-day and monthly rainfall data but since it is highly unlikely
that rainfall is homogenously distributed over all the days of the 10-day period or month,
some further processing is required to determine the amount of rainfall that is (i) lost by
surface runoff, (ii) stored in the top soil as effective rainfall, (iii) lost by deep percolation
and (iv) by soil evaporation (Fig. 3.7f).

percolation

Figure 3.71
Partitioning of rainfall in effective rainfall,
surface runoff and deep percolation losses
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= Estimation of surface runoff

To estimate surface runoff with 10-day or monthly Rainfall data, a specific number of
rainy events is assumed during a 10-day period (the default is 2 showers per 10-day). By
dividing the total rainfall amount for the period by the number of events in that period,
the rainfall amount per shower is obtained and the surface runoff can be calculated (see
3.7.4 — Runoff subroutine). The more rainy days are considered during the 10-day period,
the smaller the rainfall amount per event and the smaller the runoff will be. Because the
day(s) at which it rains, are unknown the Curve Number is not corrected for soil wetness
and the CN value for Antecedent Moisture Class 1T is used.

= Estimation of effective rainfall and deep percolation

Effective rainfall is that part of rainfall that is stored in the root zone and not lost by
surface runoff or deep percolation (Fig. 3.7f). If the rainfall data consist of 10-day or
monthly values, the rainfall distribution over the period is unknown and the amount of
water lost by deep percolation cannot be determined by solving the water balance on a
daily basis (time step). After the subtraction of the amount of rainfall lost by surface
runoff, the effective rainfall is estimated by one or another procedure determined by the
user. If the amount of rainfall that is stored in the root zone will also be effectively
retained in the root zone depends on the storage capacity of the root zone at the moment
of rainfall.

The following dures are ilable in AquaCrop to determine the effective rainfall
when 10-day or monthly rainfall data is given as input:
- 100 percent effective

- USDA-SCS procedure
- Expressed as a percentage of rainfall

100 percent effective
All rainfall is stored in the root zone. Excess water that cannot be retained, will drain out
of the root zone and will be lost by deep percolation.

USDA-SCS procedure

SCS scientists analysed 50 years of rainfall records at 22 locations throughout the United
Sates of America to predict effective rainfall (SCS, 1993). A daily soil water balance
incorporating crop evapotranspiration, rainfall, irrigation and the storage capacity of the
root zone was used to determine the effective rainfall (Tab. 3.6b). By considering the
monthly crop evapotranspiration (ETcy,) and rainfall (Py,), the monthly effective rainfall
(Pey,) is obtained by the following empirical equation (USDA, 1970):

Pe,, =(0.70917 PO¥ ~0.11556)10°%20 7~ (Eq.3.7v)

where Pey, Py, and ETc,, are given in inches (1 inch = 25.4 mm). In the above equation
ETcy, is the sum of the soil e ion and crop iration by ing that the
processes are not affected by water stress. The difference between rainfall (Py,) and the
estimated effective rainfall (Pey,) is regarded as being lost by deep percolation.
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Simulations (Naesens, 2002) with rainfall data from various climatic zones indicates that
the procedure predicts effective rainfall with an accuracy of +/- 20 %. The procedure is
also valid for 10-day rainfall data but the accuracy decreases to +/- 40 %.

Table 3.7e

Effective rainfall (expressed as a percentage of monthly rainfall) for various levels of
crop evapotranspiration and for a root zone with a RAW of 75 mm, as determined
by the USDA-SCS procedure.

Monthly crop evapotranspiration [mm/month]
30 60 120 150 | 180 | 210 240
Monthly Rain Effective rainfall
[mm/month] [%
10 58 62 66 71 5 81 86 92
20 63 68 72 77 82 88 94 100
30 63 67 72 7 82 88 94 100
40 62 66 71 76 81 86 92 99
50 61 65 70 74 79 85 91 97
60 60 64 68 73 78 83 89 95
70 59 63 67 72 77 82 88 93
80 58 62 66 71 76 81 86 92
90 57 61 65 70 74 80 85 91
100 56 60 64 69 73 78 84 90
120 55 59 63 67 72 71 82 87
140 54 58 61 66 70 75 80 85
160 53 56 60 64 69 74 79 84
180 52 55 59 63 68 72 77 82
200 51 55 58 62 67 71 76 81

Expressed as a percentage of rainfall

The user specifies the percentage of the 10-day/monthly rainfall that is stored in the root
zone. The ineffective part of the rainfall is assumed to have drained out of the root zone
and is stored immediately below the root zone.

The percentage will depend on the rainfall amount, the evapotranspiration rate and soil
type. Indicative values are given in Table 3.7b. The percentage can be obtained with
greater accuracy by simulating the drainage out of the root zone for those years were
daily rainfall data is ilable (or ilable in a nearby ive station). As such
the characteristics of the climate, cropping period, irrigation schedules and drainage
characteristics of the soil can be fully considered.
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= Estimation of soil evaporation

The calculation p dure for soil evaporation (E) assumes that the evaporation takes
places in two stages (See 3.9 Soil evaporation). By distributing rainfall homogenously
over all the days of the 10-day period or month, soil evaporation is likely to be over-
estimated. Simulations (Mihutu, 2011) with rainfall data from various climatic zones
indicated that the two stage calculation procedure over predicts E by some 10 to 30 %
depending on soil type. The soil evaporation rate is adjusted by multiplying the estimated
daily evaporation (E) with a reduction factor:

REW +1
E,=|4s——IE Eq. 3.7w.
wdj [ 20 ] (Eq )
where REW is the readily evaporable water (mm) and n a program parameter which may
vary between 1 (strong reduction) and 10 (light reduction). Its default value is 5.

The optimal setting of the program parameter can be obtained by simulating the soil
evaporation for those years were daily rainfall data is available (or available in a nearby
representative station). As such the characteristics of the climate (rainfall distribution and
evaporating power of the atmosphere), the degree of canopy cover and the characteristics
of the soil type can be fully considered.
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3.8 Salt balance

Salts enter the soil profile as solutes with the irrigation water or through capillary rise
from a shallow groundwater table. It is assumed that rainfall does not contain dissolved
salts. The extent to which salts accumulate in the soil depends on the irrigation water
quality and quantity that infiltrates into the soil, frequency of wetting, the adequacy of
leaching, the importance of soil evaporation and crop transpiration, the soil physical
characteristics of the various layers of the soil profile, and the salt content and depth of
the groundwater table. Salts are transported out of the soil profile (leached) by means of
the drainage water.

AquaCrop uses the calculation procedure presented in BUDGET (Raes et al., 2001; Raes,
2002; Raes et al., 2006) to simulate salt movement and retention in the soil profile.

3.8.1 M t and lation of salts in the soil profile

Vertical downward salt movement in a soil profile is described by assuming that salts
are transferred downwards by soil water flow in macro pores. This is simulated in
AquaCrop by the drainage function (see Chapter 3, section 3.7 Soil water balance). The
exponential drainage function (Eq. 3.7a) describes the vertical solute movement till field
capacity is reached. If the soil water content is at or below field capacity, AquaCrop
assumes that all macro pores are drained and hence inactive for solute transport.

Since the solute transport in the macro pores bypass the soil water in the matrix, a
diffusion process has to be considered to describe the transfer of solutes from macro
pores to the micro pores in the soil matrix. The driving force for this horizontal diffusion
process is the salt concentration gradient that exists between the water solution in the
macro pores and micro pores. To avoid the building up of high salt concentrations at a
particular depth, a vertical salt diffusion is also considered. The driving force for this
vertical redistribution process is the salt concentration gradient that builds up at various
soil depths in the soil profile.

Vertical upward salt movement is the result of capillary rise from a saline groundwater
table and water movement in response to soil evaporation. The vertical upward salt
movement depends on the wetness of the top of the soil profile and the salinity and depth
of the groundwater table (see Chapter 3, section 3.7 Soil water balance). Due to soil
evaporation water will evaporate at the soil surface while the dissolved salts remain in the
top compartment.

3.8.2 Cells

To describe the movement and retention of soil water and salt in the soil profile,
AquaCrop divides the soil profile in various soil compartments (12 by default) with
thickness Az (Fig. 3.7b). To simulate the convection and diffusion of salts, a soil
compartment is further divided into a number of cells where salts can be stored (Fig.
3.8a).
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Figure 3.8a
Convection and diffusion of salts in the cells of a soil compartment

The number of cells (n), which may range from 2 to 11, depends on the soil type of the
soil horizon. Since salts are strongly attached to the clay particles a clayey horizon will
contain more cells than a sandy horizon. The inverse of the saturated hydraulic
conductivity (Ksat) is used as an index for the clay content. The number of cells is
obtained by considering the Ksat of the soil horizon to which the soil compartment
belongs:

2< n:ROUND[l.G-#@j <11 (Eq. 3.8a)
Ksat

where Ksat is saturated hydraulic conductivity (mm/day) of the soil horizon. The volume
of a cell, which is a fraction of the total pore volume, is given by:

W, =1000 % a; (Eq.3.8b)
n

where W is the volume of the cell in mm(water), Oy, the soil water content at saturation
(mX/mx) of the soil horizon, n the number of cells, and Az the thickness of the soil
compartment (m). A cell is in fact a representation of a volume of pores with a particular
mean diameter. Cells with a low number have small diameters, while cells with a high
number have large diameters (Fig. 3.8a).
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Salts can be transported by diffusion horizontally and vertically from one cell to its
adjacent cells if there exists a concentration gradient and if the cells are active, it is when
they contain soil water. Hence, the number of active cells depends on the wetness of the
soil. If the soil is dry, only cells with small pore diameters (low numbers) will
accommodate water and the diffusion process will be limited. When the soil water
content increases, more and more cells are active and become involved in the diffusion
process. Once the soil water content is above field capacity, the macro pores are active as
well and salts can now also be conducted vertically downward in the soil profile together
with the movement of the soil water. If the soil is saturated all macro pores contains
water and the convection rate is at its maximum.

The salt concentration in a cell can never exceed a threshold value. The threshold value is
determined by the solubility of the salt (see Chapter 2: 2.13 Soil profile characteristics,
2.13.6 Program settings). If the salt concentration in a cell exceeds the threshold value,
salts will precipitate and will be temporarily removed from the soil solution. Salts return
to the solution as soon as the salt concentration in the cell drops below the threshold
value.

3.8.3 Salt diffusion

The salt diffusion between two adjacent cells (cell j and cell j+1) is given by the
differences in their salt concentration which is expressed by the electrical conductivity
(EC) of their soil water. At the end of the time step t+At the EC of the soil water in cell j
is:

W, +EC,, W,

EC

Weri ¥ Weer o
where EC is the electrical conductivity of the soil water in the cell (dS/m), Wee the
volume of the cell (mm), and fr a salt diffusion coefficient.

The salt diffusion between adjacent cells does not only depend on differences in their salt
concentration but also on the swiftness with which salts can be rearranged between them
(fairr). Between cells having large pore diameters, salts can move quite easily since the
forces acting on them are relatively small. Equilibrium between the salt content in those
pores is reached quickly. Due to strong adsorption forces and low hydraulic
conductivity’s, salt diffusion will be rather limited in the small pores and it might take
quite a while before equilibrium is reached between the salt concentrations in those cells.
This is simulated in AquaCrop by adjusting the diffusion process with the ease salts can
diffuse. The ease of salt movement is expressed by the diffusion coefficient (fgirr). The
coefficient varies between 1 for the macro pores (no limitation on salt diffusion) and 0 for
the very smallest pores (salts can no longer diffuse between adjacent cells). Between cells
representing macro pores the diffusion is entirely in response to salt concentration
gradients (fgir = 1). Between cells representing the smaller pores, salt diffusion is more
limited (fyr < 1).
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Figure 3.8b
The salt diffusion coefficient (f4r) for the various cells
and for various global diffusion factors

The salt diffusion coefficient for the various cells is plotted in Figure 3.8b, for various
global salt diffusion factors. The global diffusion factor is a program parameter that
describes the global capacity for salt diffusion and can be used to calibrate the model.
Increasing or decreasing the global salt diffusion factor alters the ease for salt diffusion
and increases or decreases the speed with which equilibrium is reached between the salt
concentrations in the adjacent cells. The default setting for the salt diffusion factor is 20
.
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In Table 3.8a the calculation procedure (Eq. 3.8d) for fy is presented.

Table 3.8a - Equation 3.8d: Calculation procedure for the salt diffusion coefficient
(fdiff)

GDF
(global <50 % >50 %
diffusion
factor)
field
camay saturation
|
. cel| 1] 2] 3[..[ | macropores
I T T
x= 0.0 05 1.0
. o _
fair ab’-a (Eq. 3.8d1) _ab-a (Eq. 3.8d2)
ab-a ab-a
GDF GDF
a =220 Eq. 3.843 =o[1-228 ) (Bq.3.8d5
a=2 (B 3803) [ 100] (Eq. 3.845)
b b=1000-OII (5o 3 84a) b=107CF09  (Bq 3.846)

3.8.4 Vertical salt movement in response to soil evaporation

Soil evaporation in Stage II (falling rate stage) will bring soil water and its dissolved salts
from the upper soil layer to the evaporating surface layer (see 3.9 Soil evaporation). At
the soil surface, water will evaporate while the salts remain at the soil surface. If the
upper soil layer is sufficiently wet, the transport of soil water will be entirely in the liquid
phase and the upward salt transport can be important. When the soil dries out, water
movement will be gradually replaced by vapour diffusion, resulting in a decrease of

upward salt transport.

To simulate upward salt transport in response to soil evaporation, AquaCrop considers
not only the amount of water that is extracted out of the soil profile by evaporation, but
also the wetness of the upper soil layer (Fig. 3.8¢). The relative soil water content of the
upper soil layer determines the fraction of the dissolved salts that moves with the

evaporating water:

Fup =2 107 (Eq. 3.50)
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6-6,
swc,,, =7g’ (Eq. 3.80)
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SWCre relative soil water content of the upper soil layer with thickness Z. top
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taken as half of the soil water content at permanent wilting point (0,
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Figure 3.8¢

Fraction of dissolved salts () that moves with the evaporating water

for various relative soil water contents (SWC,«) of the upper soil layer

‘When the upper soil layer is sufficiently wet, soil evaporation will move an important
fraction of dissolved salts with the water that is moved by the process to the evaporating
soil surface layer. When the layer dries out, the fraction of the dissolved salts that can be
transported upward diminishes since water is no longer entirely moved by soil water flow
but also by vapour diffusion. Vertical salt movement in response to soil evaporation is no
longer considered when the soil water content of the upper soil layer becomes air dry

(Fig. 3.8¢).

At the start of Stage IT of soil evaporation, the thickness of the upper layer (Z. «p) is set at
0.15 m (see 3.9.5 Evaporation reduction coefficient). When evaporation removes water
from the upper layer Z., gradually expands to a maximum depth which is a program
parameter. Its default value is 0.3 m and the range is 0.15 to 0.50m.
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3.8.5 Vertical salt movement as a result of capillary rise

Salts might also accumulate in the root zone as a result of upward transport of saline
water from a shallow groundwater table. The amount of salts that accumulate in the top
soil depends on the magnitude of the capillary rise (see 3.7 Soil water balance), the
salinity of the groundwater and leaching by excessive rainfall or irrigation.

3.8.6 Soil salinity content
The salt content of a cell is given by:

Salt,,, =0.64 W,,, EC,,, (Eq. 3.8g)
where Salteq is the salt content expressed in grams salts per m? soil surface, Ween (Eq.
3.8b) its volume expressed in liter per m’ (Imm=1 l/mz). and 0.64 a global conversion

factor used in AquaCrop to convert deciSiemens per meter in gram salts per liter (1 dS/m
=0.64 g/).

The electrical conductivity of the soil water (ECq,) and of the saturated soil paste extract
(ECe) at a particular soil depth (soil compartment) is:

iSallu‘,, ;

EC, =1 Eq. 3.8h

0,64 (10006 Az) (Eq. 3.8h)
> Sait,,

ECe ! (Eq. 3.8i)

T 0.64(10006,, A7)

where n is the number of salt cells of the soil compartment, 6 the soil water content
(mS/m"), O the soil water content (m"/m") at saturation, and Az (m) the thickness of the
compartment.

The effect of soil salinity on biomass production is determined by the average ECe of the
soil water in the compartments of the effective rooting depth.
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3.9 Soil evaporation
ET, is the evapotranspiration rate from a grass reference surface, not short of water and is
an index for the evaporating power of the atmosphere. Soil evaporation (E) is calculated
by multiplying ET, with the soil water evaporation coefficient (Ke) and by considering
the effect of water stress:

E =(Kr Ke) ET, (Eq. 3.92)

where Kr is the evaporation reduction coefficient which becomes smaller than 1, and as
such reduces soil evaporation, when insufficient water is available in the soil to respond
to the evaporative demand of the atmosphere. The soil evaporation coefficient Ke is
proportional to the fraction of the soil surface not covered by canopy (I1-CC). The
proportional factor is the maximum soil evaporation coefficient (Ke,) which integrates
the effects of characteristics that distinguish soil evaporation from the evapotranspiration
from the grass reference surface. The calculation procedure is presented in Fig. 3.9a.

evaporation power of
time * the atmosphere
green Canopy Cover :

. s

: A
adjustment for H .
micro-advective H .
effects (*) H J

<

for withered canopy (fcc)
|: i for mulches (fn)
adjustment for partial wetting (f)

N <«——— soil water content in top soil

‘evaporati
reduction

Figure 3.9a
Calculation scheme in AquaCrop for soil evaporation (E)
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3.9.1 A two stage calculation method
Evaporation from soil takes place in two stages (Philip, 1957; Ritchie, 1972): an energy
limiting stage (Stage ) and a falling rate stage (Stage II).

= Stage I - energy limiting stage

‘When the soil surface is wetted by rainfall or irrigation, soil evaporation switches to stage
1. In this stage, water is evaporated from a thin soil surface layer (Z. sur) which is in direct
contact with the atmosphere (Fig. 3.9b). As long as water remains in the evaporating soil
surface layer, the evaporation rate is fully determined by the energy available for soil
evaporation and the evaporation stays in stage I.

soil
evaporation

‘evaporating
soil surface layer

Figure 3.9b
The upward transport of water
from the upper soil layer to the evaporating soil surface layer

= Stage II - falling rate stage

When all the water is evaporated from the evaporating soil surface layer (Zsur), soil
evaporation switches to stage II and water flows from the soil layer below (Z. ) to the
surface layer. In this stage the evaporation is not only determined by the available energy
but depends also on the hydraulic properties of the soil. The ability to transfer water to
the evaporating soil surface layer reduces as the soil water content in the soil profile
decreases. As a result the evaporation rate decreases in function of time.

3.9.2 Readily Evaporable Water (REW)

The Readily Evaporable Water, REW, expresses the maximum amount of water (mm)
that can be extracted by soil evaporation from the soil surface layer in stage I. Once REW
is removed from the soil, the evaporation rate switches to the falling rate stage. REW
corresponds to the U value presented by Ritchie (1972). Water lost by soil evaporation in
stage I comes mainly from a thin soil surface layer which is in direct contact with the air
above the field (Fig. 3.9b). When the soil surface layer is sufficiently wetted by rainfall or
irrigation, its soil water content is at field capacity. When the Readily Evaporable Water
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is removed from the surface layer, its soil water content will be in equilibrium with the
atmosphere, i.e air dry; Hence REW is given by:

REW =1000 (6, ~6,,.4,)Z, .1 (Eq. 3.9b)
where Opc volume water content at field capacity [m;/mlj;
0, dry volume water content at air dry [m‘x/m‘];
Zesurt thickness of the evaporating soil surface layer in direct contact

with the atmosphere [m].

The soil water content at air dry is estimated by applying the rule of thumb, stating that
the soil water content at air dry is about half of the soil water at wilting point (O4r ary = 0.5
6wp). By assuming 40 mm for Z. ., an agreement was found between REW (Eq. 3.9b)
and the cumulative evaporation for the energy limiting stage (Stage I evaporation), i.e.,
the U value of Ritchie (1972).

3.9.3 Soil evaporation coefficient for wet soil surface (Ke)

‘When the surface is wet, soil evaporation is calculated by multiplying the reference
evapotranspiration (ET,) with the soil evaporation coefficient (Eq. 3.9a). The soil
evaporation coefficient, Ke, considers the characteristics of the soil surface and the
fraction of the soil not covered by the canopy:

Ke=(1-CC")Ke, (Eq. 3.9.0)
where (1-CC") adjusted fraction of the non-covered soil surface;
Key maximum soil evaporation coefficient for fully wet and not shaded

soil surface.

The maximum soil evaporation coefficient Ke, for a wet non shaded soil surface is a
program parameter. The default value is 1.10 (Allen et al., 1998) and can be adjusted by
the user. When the canopy cover (CC) expands in the crop development stage, the soil
evaporation coefficient Ke declines gradually (Fig. 3.9¢).

In Eq. 3.9¢, the fraction of the soil surface not covered by green canopy (1-CC¥) is

adjusted for micro-advective effects (Fig 3.9d). The adjustment for (1-CC") is based on

the experimental data of Adams et al. (1976) and Villalobos and Fereres (1990):
(1-CC")=1-1.72CC+ CC* -0.30 CC* 20 (Eq. 3.9d)

The microadvection cause E to be less than just being proportional to CC. The extra
energy is used for crop transpiration (see 3.10 Crop iration).
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Decline (bars) of the soil evaporation coefficient Ke with reference to the wet non
shaded soil surface (Ke,) in the crop development stage when
the green canopy cover (shaded area) increases
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Figure 3.9d

Adjusted fraction (l-CC”) of not shaded soil surface (bold line)
for various fractions of green canopy cover (CC)

Reference Manual, Chapter 3 — AquaCrop, Version 4.0 June 2012 3-67

3.9.4 Adjustment of Ke for withered canopy, mulches and partial
wetting by irrigation

= Sheltering effect of withered canopy cover

The soil evaporation coefficient needs to be adjusted for the sheltering effect of withered
canopy when the green canopy cover declines during periods of severe water stress or in
the late season stage as dictated by phenology. The dying crop will act as a shelter which
reduces soil evaporation much stronger then described by (1-CC*). Although in this stage
the green canopy decreases, the soil remains well sheltered by the withered canopy even
when the green canopy cover becomes zero (CC = 0) at the end of the growing cycle.

Two factors are i for the adj of the soil e ion coefficient:

- fec a coefficient expressing the sheltering effect of the dead canopy cover [0 ... 1];

- CCyyp the canopy cover prior to senescence. If the canopy cover has reached its
maximum size, CCyop = CCy

Ke,, =(1-f. cC, )1-cC) ke, (Eq. 3.9¢)

Notwithstanding the rule of thumb (Allen et al., 1998) to reduce the amount of soil water
evaporation by about 5% for each 10 % of soil surface that is effectively covered by an
organic mulch the default value for f.. is 0.60 and not 0.50, because a standing crop gives
better shelter against the effect of dry wind than an organic mulch that covers the soil
surface. To simulate a smooth increase of evaporation in the late season stage when
senescence occurs, f. increases gradually from O (at the start of the late-season stage) to
its final value when CC is half of CCip.

oo

CC: green canopy cover

time (canopy decline)

Figure 3.9¢
Increase (bars) of the soil evaporation coefficient Ke adjusted for withered canopy
with reference to the wet non shaded soil surface (Ke,) in the late season stage
when the green canopy cover (shaded area) decreases
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The effect of the withered canopy shelter on the reduction of soil evaporation is plotted in
Figure 3.9¢. The effect is a program parameter which can be adjusted by the user.

* Adjustment for mulches

To reduce evaporation losses from the soil surface, mulches can be considered. The effect

of mulches on crop evaporation is described by two factors (Allen et al., 1998):

- soil surface covered by mulch (from 0 to 100%); and

- fm (1), the adjustment factor for the effect of mulches on soil evaporation, which
varies between 0.5 for mulches of plant material and is close to 1.0 for plastic
mulches (Allen et al., 1998).

The adjustment for soil evaporation consists in multiplying Ke by the correction factor:

Percent cov ered by mulch

] (1-cc') ke, (Eq. 3.90

The adjustment is not applied when standing water remains on the soil surface (between
soil bunds).

= Adjustment for partial wetting by irrigation
When only a fraction of the soil surface is wetted by irrigation, Ke is multiplied by the
fraction of the surface wetted (f,) to adjust for partial wetting (Allen et al., 1998):

Ke, =, (1-CC")Ke, (Eq. 3.92)

The fraction f,, is an irrigation parameter, and can be adjusted when selecting an
irrigation method in the Irrigation Management Menu. The adjustment for partial
wetting is not applied when:

- surface is wetted by irrigation and rain on the same day;

- surface is wetted by rain; and

- irrigation and/or rain water remains on the soil surface (between the soil bunds).

= Adjustment for mulches and partial wetting by irrigation

If the soil surface is covered by mulches and at the same time partial wetted by irrigation,
only one of the above adjustments is valid. Ke is the minimum value obtained from Eq.
3.9fand 3.9g.
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3.9.5 Evaporation reduction coefficient (Kr)

‘When insufficient water is available at the soil surface soil evaporation switches from
Stage T (energy limiting stage) to Stage II (falling rate stage). This simulated with the
introduction of an evaporation reduction coefficient (Eq. 3.9a). The evaporation reduction
coefficient (Kr) varies with the amount of water available in the upper soil layer from
where water is transferred to the evaporating soil surface layer. Kr is 1 if the soil is
sufficiently wet and the soil evaporation is not P by water depletion, which is the
case in Stage I. Kr decreases when the soil water depletion increases and is zero when the
upper layer of the soil becomes air dry (Fig. 3.9f).
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Figure 3.9f

The evaporation reduction coefficient Kr
for various levels of relative soil water content and decline factors (fx)

In stead of using the square root of time (Ritchie type of model), a mechanistic approach
is used to describe the evaporation rate in the falling rate stage. With this approach not
only time but also the amount of water extracted from the top soil by transpiration,
groundwater contribution from a shallow water table and the weather conditions (Rain
and ET,) are considered for the determination of Kr.

To account for the sharp decline in hydraulic conductivity with decreasing soil water

content, an exponential equation is used to relate Kr to the relative water content of the
upper soil layer:

(Eq. 3.9h)
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where fx is a decline factor and Wy the relative water content of the soil layer through
which water moves to the evaporating soil surface layer (upper soil layer with thickness
Zeop)- A thickness of 0.15 m is assigned initially for Z,. However, when Wy drops
below a threshold (set at Wy = 0.4), Zep expands to a maximum depth which is a
program parameter. Its default value is 0.3 m and the range is 0.15 to 0.50 m.

At the start of Stage II, W begins to decline below 1 and becomes 0 when there exist no
longer a hydraulic gradient i.e. when Z., is air dry (Fig. 3.9f). The decline factor fx
depends on the hydraulic properties of the soil and can be used to calibrate Kr when

of soil evap ion are ilable. The decline of Kr with decreasing W
alters by varying the value of f (Fig. 3.9f). When fi takes a value of 4, a good fit was
obtained between the square root of time approach (Ritchie, 1972) and the soil water
content approach used by AquaCrop in the simulation of Stage II evaporation. Even after
three weeks of evaporation (21 days) the cumulative amount of water lost by soil
evaporation remained in the same range for both approaches and for most soil textural
classes.

3.9.6 Calculation of soil evaporation (E)

= Energy limiting stage (Stage I)

‘When rainfall occurs or water is added by irrigation, the infiltrated water replenishes the

soil surface layer till REW is reached. As long as readily evaporable water remains in the

surface layer, E is in the energy limiting stage, and the rate of soil evaporation is the
maximum rate:
Eqgye, =(1-CC") Ke, ET, (Eq. 3.9)

The following rules are applied:

- The maximum amount of water that can be stored in the surface layer is REW. Light
wetting events do not necessarily completely replenished the soil surface;

- If the soil surface is only partly wetted by irrigation, only the wetted fraction of the
surface layer is replenished;

- When the soil is flooded and water remains between soil bunds on top of the field,
evaporation takes places from the water layer at the soil surface. When the water
layer is completely evaporated, it is assumed that the total REW is still available in
the soil surface layer and soil evaporation starts in stage I.

= Falling rate stage (Stage II)

When all the readily evaporable water is removed from the evaporating soil surface layer,
the soil evaporation switches to the falling rate stage (Stage II). The evaporation rate is
given by:

Egppun = Kr (1=CC") Ke, ET, (Eq. 3.9)
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where Kr is the dimensionless evaporation reduction coefficient.

The relative water content at which Kr is 1 (upper limit) is the soil water content of the
top soil at the end of stage I. The upper limit will be close to saturation when the soil is
slow draining and close to field capacity when the soil drains quickly. However, it is
assumed in the model that the upper limit cannot drop below the soil water content at
field capacity minus REW. As such the expected sharp drop in evaporation when the top
soil is only slightly wetted by rainfall or irrigation can be simulated.

Since Kr varies strongly with Wy especially at the beginning of Stage II, the routine
daily time step is inadequate and had to be divided into 20 equal fractions to obtain a
differential solution for Eq. 3.9j. At the end of each small time step, the water content of
the soil profile is updated and Kr is estimated with Eq. 3.9h. Consequently the switch
from stage I to II occurring during the day, can be simulated as well.
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3.10 Crop transpiration

ET, is the evapotranspiration rate from a grass reference surface, not short of water and is
an index for the evaporating power of the atmosphere. Crop transpiration (Tr) is
calculated by multiplying ET, with the crop transpiration coefficient (Kcr) and by
considering the effect of water stress:

Tr=(Ks Ke;, ) ET, (Eq. 3.10a)

where Ks is the soil water stress coefficient which becomes smaller than 1, and as such
reduces crop transpiration, when insufficient water is available in the root zone to
respond to the evaporative demand of the ) The crop iration coefficient
Kery is proportional with the green canopy cover (CC). The proportional factor is the
maximum crop transpiration coefficient (Kcr,) which integrates the effects of
characteristics that distinguish the crop iration from the e’ iration from the
grass reference surface. The calculation procedure is presented in Fig. 3.10a.

o“‘
" evaporation power of
the atmosphere
green Canopy Cover
adjustment for :
micro-advective H
effects (*) .
Tr= Ks CC* Kerrx ETo
] crop j for ageing (fage)
[ for (far)

soil water stress water logging (Ksaer)
coefficient stomatal closure (Kssto)
soil salinity stress (Ksstosan)

Figure 3.10a
Calculation scheme in AquaCrop for crop transpiration (Tr)
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3.10.1 Crop transpiration coefficient (Kcr,)

Crop transpiration is calculated by multiplying the reference evapotranspiration with the
crop transpiration coefficient (Eq. 3.10a). The crop transpiration coefficient (Kcr)
considers (i) the characteristics that distinguish the crop with a complete canopy cover
from the reference grass and (ii) the fraction by which the canopy covers the ground:

Ke, =CC" Key, . (Eq. 3.10b)
where Kerrx  coefficient for maximum crop transpiration (well watered soil and

complete canopy, CC = 1);
CC"  actual canopy cover adjusted for micro-advective effects.

adjusted canopy cover (CC*)

0 T T T T
0 02 04 06 0.8 1
Canopy cover (CC)
Figure 3.10b

Canopy cover (cC’) adjusted for micro-advective effects (bold line)
for various fractions of green canopy cover (CC)

To estimate crop transpiration, CC is increased to CC” to account for interrow micro-
advective and sheltering effect by partial canopy cover (Fig. 3.10b). The adjustment is
based on studies of Adams et al. (1976) and Villalobos and Fereres (1990):

C'=1.72CC-CC* +0.30 CC* (Eq. 3.10c)

When the canopy cover is incomplete extra energy is available for crop transpiration (Tr)
and less for soil evaporation (E). The microadvection cause Tr to be more than just being
proportional to CC and E less than being proportional to 1-CC (see 3.9 Soil evaporation).
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3.10.2 Coefficient for maximum crop transpiration (Ker,y)

Due to differences in albedo, crop height, aerodynamic properties, and leaf and stomata
properties, Kery differs from 1. The Kerex coefficient is often 5-10% higher than the
reference grass, and even 15-20% greater for some tall crops such as maize, sorghum or
sugar cane. The Kcry coefficient is approximately equivalent to the basal crop
coefficient at mid-season for different crops (Allen et al., 1998), but only for cases of full

3.10.3 Adjustments of Kcry,. for ageing and senescence

= Adjustment of Kcr,x for ageing effects

After the time tcey required to reach CC, under optimal conditions and before senescence,
the canopy ages slowly and undergoes a progressive though small reduction in
transpiration and photosynthetic capacity (Fig. 3.10c). This is simulated by applying an
adjustment factor (fug) that decreases Kerx by a constant and slight fraction (e.g., 0.3%)
per day, resulting in an adjusted crop coefficient. The ageing comes in effect at tecx
which is the time when CCy (maximum canopy cover) would have been reached without
water stress (i.e. at the beginning of the mid-season). A short lag phase of 5 days is
assumed. After the lag phase of 5 days, Kcrr g is given by:

Kep oy = Koy, = (=5 f,,, CC, (Eq. 3.10d)
where t is the time in days after tccx (t is zero before and at tecy), and fug is the reduction

expressed as a fraction of CCy. The fu coefficient is a crop parameter, since it will
require some adjustment for annual crops such as sugarcane.
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Figure 3.10c
Canopy development (shaded area) and crop transpiration coefficient Kcr, (line)
throughout the crop cycle for Kerex = 1.1, CCx = 100 %, and f,g. 0.16%/day
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The same apply for forage and pasture crop. However, since the canopy is harvested at
each cut, a new canopy has to develop which cancels the ageing. Once CC, is reached
after a cutting, the ageing kicks in again and is described by Eq. 3.10d.

= Adjustment of Kerrx once senescence is triggered

‘When senescence is triggered, the transpiration and photosynthetic capacity of the green
portion of the canopy drops more markedly with time. This is simulated by multiplying
Keragi (Eq. 3.10d) with another adjustment factor, fiep, which declines from 1 at the start
of senescence (CC = CCy) to 0 when no green canopy cover remains (CC = 0):

K on = Kernuy (fi)
ccY' (Eq. 3.10e)
with  f,, =| ——
cc,
The exponent a is a program parameter and can be used to accentuate (a > 1) or to
minimize (a < 1) the drop in the transpiration/photosynthetic efficiency of the declining
canopy. In the program ‘a’ can vary between an upper limit of 4 (very strong effect) and a
lower limit of 0.1 (very limited effect). Its default value is 1. The senescence factor (fien)
for various degrees of withering (CC/CCy) and various values of the exponent ‘a’ is
plotted in Fig. 3.10d.

f(sen)

| ce/cex |
no green leaves fully green
remain canopy

Figure 3.10d
The senescence factor (fgen)
for various degrees of withering (CC/CC,) and various values of the exponent ‘a’
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3.10.4 Soil water stress coefficient (Ks)

Crop transpiration can be affected by a shortage of water and an excess of water. This
simulated with the help of a soil water stress coefficient for stomatal closure (Ks,) and
for water logging (Ksqer).

= Water stress coefficient for stomatal closure (Ksg,)

To simulate the result of stomatal closure induced by water stress, the coefficient for crop
transpiration (Kcry) is multiplied by the water stress coefficient for stomatal closure
(Ksgo):

Tr = Ks,, Ke,, ET, (Eq. 3.100

w0
The Ksy, coefficient describes the effect of water stress on crop transpiration (see 3.2.2:
Soil water stress). When sufficient water remains in the root zone, transpiration is
unaffected and Ksyo = 1. When the root zone depletion exceeds an upper threshold (py.o
TAW), the water extracted by the crop becomes limited (Ksy, < 1) and the crop is under
water stress (Fig. 3.10e). When the soil water content in the root zone reaches its lower
limit (which is permanent wilting point), the stomata are completely closed, and crop
transpiration is halted (Ksq, = 0). In AquaCrop the shape of the Ksy, curve between the
upper and lower threshold can be selected as linear or concave. Since the stress response
curve are defined for an evaporating power of the atmosphere (ETo) of 5 mm/day, the
upper threshold for water stress needs to be adjusted for ETo.
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stomatal closure
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Figure 3.10e
The water stress coefficient for stomatal closure (Ksg,)
for various degrees of root zone depletion (Dr)
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The upper threshold of root zone depletion (Dryoupper) is given by:

D1 per = Py TAW (Eq.3.10g)
where pyo fraction of TAW at which stomata start to close;
TAW Total Available soil Water in the root zone [mm].

At the lower threshold, which corresponds with permanent wilting point, the root zone
depletion (Dryg jower) is:

Dr,

woiover = TAW (Eq.3.10h)
The depletion coefficient py, is the fraction of TAW that can be depleted from the root
zone before stomata starts to close. The p factor divides the Total Available soil Water
(TAW), in two parts: water that can be extracted without stress (RAW) and water that is
more difficult to extract (Fig. 3.10f).
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Figure 3.10f
The upper and lower threshold of root zone depletion affecting stomatal closure

= Effect of soil salinity on the water stress coefficient for stomatal closure

The effect of soil salinity stress on stomatal closure is simulated by multiplying the soil
water stress coefficient for stomatal closure (Ksy,) with the soil salinity stress coefficient
for stomatal closure (Kso,sai):

K o0 = KS s Ko (Eq. 3.10i)
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Due to osmotic forces, which lower the soil water potential, the salts in the root zone
makes the water less available for the crop. The osmotic forces are likely to alter also the
upper and lower thresholds for root zone depletion at which soil water stress affects
stomatal closure (Ksyo). This is simulated by multiplying the fractions (pupper and piower)
of TAW with Ksyoan (Fig. 3.10g).

04

02

00 e e e AL 2
00
root zone depletion

Fig. 3.10g — The soil water coefficient for stomatal closure (Ksy,) without (gray line) and
with (black line 1) the effect of soil salinity stress, and the shift of the thresholds (circles)
by considering (black line 2) the effect of soil salinity stress on the thresholds.

By means of the Program settings in the Crop characteristics menu, the user can switch
“on” or “off” the additional effect of salinity stress on the thresholds. The effect is only
considered for the simulation of crop transpiration, but has no effect on the adjustment of
the Harvest Index (to avoid the double effect of soil salinity on crop yield).

= Water stress coefficient for deficient aeration conditions

Transpiration is hampered not only when the water content in the root zone is limited but
also when the root zone is water logged, resulting in deficient soil aeration (Fig. 3.10h). If
the water content in the root zone is above the anaerobiosis point (6,i) the root zone
becomes water logged and transpiration is limited.

The effect of water logging on crop transpiration is simulated by means of a water stress
coefficient for water logging (Ksqer):
Tr=Ks,, Kc,, ET, (Eq. 3.10j)

Ksyer varies linearly between the anaerobiosis point where Ks,er is 1 and soil saturation
where Ks, is zero (Fig. 3.10i).
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Figure 3.10h
The upper and lower threshold for the soil water content in the root zone
resulting in deficient aeration conditions
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Figure 3.10i
The water stress coefficient for water logging (Kser)
for various levels of soil water content (0)
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The sensitivity of the crop to water logging is specified by the soil water content
(anaerobiosis point) at which the aeration of the root zone will be deficient for the crop
and starts to affect crop transpiration. The anaerobiosis point is a crop parameter. To
simulate the resistance of crops to short periods of waterlogging, the full effect will only
be reached after a specified number of days (which is a program parameter).

3.10.5 Soil water extraction

= Calculation procedure

The calculation procedure consists of the following steps:

1. Determination of the transpiration demand by considering the average soil water
content in the root zone and as such the average total water stress in the root zone:

Tr=Ks Ke,, ET, (Eq. 3.10k)

where Ks, is the average soil water stress in the root zone induced by a shortage

or an excess of water and/or aeration stress. A linear relationship between the
water stress coefficient ( Ks,,, ., ) and the soil water content is assumed.

2. Determination of the amount of water that can be extracted out of the root zone at
various depths, by considering the maximum root extraction rate and the water stress
coefficient at the various depths (soil compartments):

S,=Ks, S,, (Eg. 3.101)
where Si sink term (m‘.m’x.day'l) at soil depth i;
Ks; water stress factor (dimensionless) for soil water content 6; at soil
depth i;
S.i  maximum root extraction rate (m*.m".day™) at soil depth i.

The root extraction rate or sink term, S, (Feddes et al., 1978; Hoogland et al., 1981,
Belmans et al., 1983) expresses the amount of water that can be extracted by the roots
at a specific depth per unit of bulk volume of soil, per unit of time (m".m"‘.duy' ).
Depending on the type of water stress, Ks; is either Ksy, or Kse in Eq. 3.101. To
determine the value of Ks; for the given 0;, the assigned shape of the Ks curve (linear
or convex) is considered.

3. By integrating Eq. 3.101 over the different compartments of the root zone, the exact
amount of water that can be extracted by transpiration is obtained:

7r = 1000(Ks, S, )dz, < Ks__ Ke,, ET, (Eq. 3.10m)

op
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where dz; is the thickness of the soil compartment (m). The integration starts at the
top of the soil profile and is stopped when the sum is equal to the transpiration
demand given by Eq. 3.10k or the bottom of the root zone is reached.

‘When the maximum root extraction rate over the entire root zone (X S¢dz) is too small
(as a result of a limited root volume), the amount of water that can be extracted by
transpiration will be smaller than the demand (Eq. 3.10k). The transpiration demand
can easily be extracted out of the root zone if S at the various depths is sufficiently
large. When S, is large, the root zone well watered (Ks = 1) and the transpiration
demand small, water will only be extracted from the top of the root zone. When the
top becomes increasingly drier (Ks; < 1), more and more water will need to be
extracted at the lower part of the root zone.

= Maximum root extraction rate (S,) and the total extraction rate (X S,dz)

In the model the maximum root extraction rate at the top of the soil profile (Syp) might
be different from the maximum extraction rate at the bottom of the root zone (Sypottom)-
The assigned S, values at different soil depths are proportional to the specified water
extraction pattern (Fig. 3.10j). Apart from the root distribution, Sy is also determined by
the total root volume. The total root volume determines the total amount of water that can
be extracted out of the root zone, i.e. the total extraction rate (X S,dz).

upper 1/4 /f@ %/r‘\/
second 1/4 /?'(X‘%’/\ l\ k I
third 1/4 /M L“‘/ABJ\ |

bottom 1/4 /16 J/o\ "

Figure 3.10j
Default extraction pattern in the root zone

The total extraction rate and the root distribution in the root zone are crop parameters
which can be adjusted. The default values (which are assigned when the crop is created)
are:
for root distribution: 40, 30, 20, 10% (where the values refer to the upper, second,
third and bottom quarter of the root zone as in Fig. 3.10j), and
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for total extraction rate ¥ Sydz: A default 3 mm/day for each 0.10 m of rooting depth
with a maximum value of 15 mm/day for the entire root zone is considered. X Sdz
can range between 1 mm/day (extremely low root volume resulting in severely water
stress even in a well watered soil for normal climatic conditions) and 20 mm/day.

If a soil layer blocks the root zone expansion, the maximum sink term at the bottom of
the root zone (Sypo) increases when the root zone reaches the restrictive layer. This
simulates the concentration of roots above the restrictive soil layer. The adjustment of
Sx.bot guarantees that the total amount of water that can be extracted by the roots remains
at any time identical the specified X S,dz (Fig. 3.10k).

Sx

upper 14 [ ——f R~ \
second 1/4 | ‘\\ 1
third 1/4 TN T =
/ bottom 1/4 | bot, adj
beni
(a) (b)

Figure 3.10k
Maximum sink term at the top (Syp) and bottom (Syp) of the root zone
(a) without and (b) with a soil layer inhibiting root zone expansion

3.10.6 Feedback mechanism of transpiration on canopy development

A feedback mechanism is added to the model to guarantee that when crop transpiration
drops to zero, the canopy development is halted as well under all circumstances. As such
leaf growth stops when the root zone is water logged (at least for crops sensitive to water
logging) or in the absence of any atmospheric water demand (ET, is zero).
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3.11 Above ground biomass
The daily (m) and the cumulative (B) aboveground biomass production biomass is
obtained from the normalized water productivity (WP*), and the ratio of the daily crop

(Tr) over the evapotr iration for that day (ETo):
o Tr
m= Ks, WP [Tn) (Eq. 3.11a)
N Tr
B=Ks, WP R — Eq.3.11b
5, Z[ Ez,) (Eq )

where Ksy is an air temperature stress coefficient which becomes smaller than 1, and
reduces biomass production, when it becomes too cold to guarantee a specific number of
growing degrees in the day. The calculation scheme is presented in Fig. 3.11a.

Tr
crop transpiration

B

" normalized R
crop water productivity 5

: 3

: i

Z(Tr/ETo) H .

v Tr

B = Ks, WP* _—

2 ET,

>

adjustment for atmospheric CO; (fcoz)
adjustment for synthesized products (fsi)

. - adjustment for soil fertility (Kswe)
air temperature
stress coefficient

Figure 3.11a
Calculation scheme in AquaCrop for above ground biomass (B)
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3.11.1 Normalized crop water productivity (WP)

By considering the crop water productivity (WP), the aboveground biomass can be
derived from the simulated transpiration. The crop water productivity expresses the
aboveground dry matter (g or kg) produced per unit land area (m’ or ha) per unit of water
transpired (mm). Many experiments have shown that the relationship between biomass
produced and water consumed by a given species is highly linear (Steduto et al., 2007).
AquaCrop uses the normalized water productivity (WP") for the simulation of
aboveground biomass (Eq. 3.11a and b). The WP is normalized for the atmospheric CO,
concentration and for the climate. The units of crop water productivity after the
adjustment for climate are mass of aboveground dry matter (g or kg) per unit land area
(m2 or ha).

= Normalization for atmospheric CO,

The normalization for CO, consists in considering the crop water productivity for an
atmospheric CO, concentration of 369.41 ppm (parts per million by volume). The
reference value of 369.41 is the average atmospheric CO, concentration for the year 2000
measured at Mauna Loa Observatory in Hawaii (USA). The observatory was selected as
the reference location because the air at the site is very pure due to its remote location in
the Pacific Ocean, high altitude (3397 m.a.s.1), and great distance from major pollution
sources.

= Normalization for the climate

The WP is normalized for climate by dividing the amount of water transpired (Tr) with
the reference evapotranspiration (ET,). Asseng and Hsiao (2000) argued that ET, would
be better than vapor pressure deficit (VPD) for normalization because the FAO Penman-
Monteith equation takes into account the difference in temperature between the air and
evaporation surface. Further Steduto and Albrizio (2005) demonstrated with experimental
data that more consistent results were obtained when normalizing with ET, as compared
with VPD. The reference evapotranspiration ET, is obtained from meteorological data
with the help of the FAO Penman-Monteith equation (Allen et al., 1998).

= Classes for C3 and C4 groups

After normalization for atmospheric CO, concentrations and climate, recent findings
indicate that crops can be grouped in classes having a similar WP" (Fig. 3.11b).
Distinction can be made between C4 crops with a WP" of 30 - 35 g/m® (or 0.30 - 0.35 ton
per ha) and C3 crops with a WP” of 15 - 20 g/m” (or 0.15 — 0.20 ton per ha).

Some leguminous crops may have WP* values below 15 g/m? due to their biological
nitrogen fixation process.
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Aboveground biomass production

Sum(Tr/ET0)

Figure 3.11b
The relationship between the aboveground biomass and the total amount of water
transpired for C3 and C4 crops after normalization for CO; and ET,

3.11.2Adjustments of WP* for atmospheric CO,, type of products
synthesized, and soil fertility

= Adj of WP” for ic CO; (fcoz)

AquaCrop will adjust WP* when running a simulation for a year at which the atmospheric

CO; concentration differs from its reference value (369.41 ppm). The adjustment is

obtained by multiplying WP with the correction coefficient fcos. The coefficient

considers the difference between the reft value and the ic position for
that year:
WP, = foos WP (Eq. 3.11c)
p €./ ) (Ee.3.110)
= q.3.
(G, = G 0= Db+ Ui s+ 0= i )]
where WP*“d] ‘WP adjusted for CO,
feox correction coefficient for CO,
Cao reference atmospheric CO; concentration (369.41 ppm)
Cai atmospheric CO, concentration for year i (ppm)
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bsea  0.000138 (Steduto et al., 2007);

brace  0.001165 (derived from FACE experiments);
w weighing factor;

fanc  crop sink strength coefficient

To consider the discrepancy between the observed (FACE experiments) and theoretical
adjustment (Steduto et al., 2007) of WP*, two coefficients (bsea and bpace) are
considered. The weighing factor (w) makes that in Eq. 3.11d brace gradually replaces
bsiea starting from the reference atmospheric CO, concentration (Ca,o = 369.41 ppm) and
becomes fully applicable for C,; larger than or equal to 550 ppm:

(ss0-c,,)
0 w=|1- — <1 (Eq. 3.11e)
550-C,,
where C,, reference atmospheric CO, concentration (369.41 ppm);
Cai actual atmospheric CO, concentration (ppm); and

For C,; smaller than or equal to Cy,, the weighing factor is zero (w = 0), while for C;
larger than or equal to 550 ppm, w becomes 1. The threshold of 550 ppm is selected as
the representing value for the elevated [CO;] maintained in the FACE experiments.

The crop sink strength coefficient in Eq. 3.11d considers that the theoretical adjustment
(with bgeeq) might not be entirely valid when (i) soil fertility is not properly adjusted to the
higher productivity under elevated CO, concentration, and/or (ii) the sink capacity of the
current crop variety is unable to take care of the elevated CO, concentration.

Table 3.11 - Range of indicative values for fyy for 10 crops available in the database of
AgquaCrop (Vanuytrecht et al., 2011).

Crop Class and indicative value range for fgn,
Cereals

- Maize Low (0.0-0.2)

- Rice Low (0.0 0.2)

- Wheat Low (0.0-0.2)

- Sunflower Low (0.0-0.2)

Legumes

- Soybean Moderate low (0.2 - 0.4)
Indeterminate crops

- Tomato Moderate low (0.2 - 0.4)
- Quinoa Moderate low (0.2 - 0.4)
Woody species

- Cotton Moderate high (0.4 — 0.6)
Root and tuber crops

- Potato High (0.4 - 0.6)

- Sugar beet High (0.4 - 0.6)
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The crop sink strength coefficient (fgn) can be altered according to the sink strength of
the crop considered, which is determined by crop characteristics and field management.
The value can be as high as one (the theoretical approach) or as low as zero (based on an
analysis of crop responses in FACE environments by Vanuytrecht et al., 2011). Indicative
values for fiy for crops available in the AquaCrop library are presented in Table 3.11.

The values of fiy reported in Table 3.11 should be considered as a good starting value
but not as definitive. If projections of future agricultural productivity are to be made in
areas where nutrient deficiency is excepted fin should be reduced. If projections are to
be made for species with improved cultivars with a higher responsiveness to [CO,] are
likely to be bred (e.g. high value crops like vegetables) the values for fiy can be higher
than the indicative value in Table 3.11.

Next to air temperature, ET, and rainfall data, the CO, concentration is climatic input. By
default AquaCrop obtains the atmospheric CO; concentration for a particular year from
the ‘Maunaloa.CO2’ file in its database which contains observed and expected
concentrations at Mauna Loa Observatory. For years before 1958 (the start of
observations at the Observatory) CO; data obtained from firn and ice samples are used.
These samples were collected close to the coast of Antarctica (Etheridge et al., 1996). For
future years an expected increase of 2 ppm is considered (Fig. 3.11c).

atmospheric CO2 concentration (ppm)

0
1900 1920 1940 1960 1980 2000 2020
year
Figure 3.11c
Atmospheric CO; concentrations derived from frin and ice samples (light bars),

observed at Mauna Loa Observation (dark bars), and predicted (dotted line) by
assuming a continuous rise of 2 ppm/year, with indication of the reference value

Years before 2000, have an atmospheric CO, concentration which is lower than the

reference value of 369.41 ppm and hence a smaller WP (fcoa < 1). Years after 2000 have
a higher atmospheric CO, concentration, and hence a higher WP (fcoz > 1). For scenario
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analysis the user can use other ‘CO2’ files containing own estimates as long as the
structure of the CO2 files is respected (see Chapter2, section 2.20.3 CO2 file).

= Adjustment of WP" for types of products synthesized (fyicia)

If products that are rich in lipids or proteins are synthesized during yield formation,
considerable more energy per unit dry weight is required than for the synthesis of
carbohydrates (Azam-Ali and Squire, 2002). As a consequence, the water productivity
during yield formation needs to be adjusted for the type of products synthesized during
yield formation:

WPy = frua WP (Eq. 3.11f)
where WPy WP adjusted for type of products synthesized
fyieta reduction coefficient for the products synthesized (fyiea <= 1).

In the vegetative stage, the aboveground biomass is derived from the simulated amount of
water transpired by means of WP'. During yield formation, the water productivity
switches gradually from WP to WP"MJ (Fig. 3.11d). For determinant crops the transition
takes place during the lag phase where the increase of the Harvest Index is slow (see
3.12.3 Building up of Harvest Index). For indeterminant crops it is assumed that the crop
water productivity is fully adjusted after 1/3 of the length of the yield formation stage.

Aboveground biomass production

Sum(Tr/ET0)

Figure 3.11d
The relationship between the aboveground biomass and the total amount of water
transpired before an during yield formation for crops rich in lipids or proteins

= Adjustment of WP’ for soil fertility (Kswp)
If limited soil fertility affects crop water productivity, the adjusted productivity is given
by:

WP, = Ks,p WP’ (Eq.3.11g)
where WP‘(.dJ WP adjusted for soil fertility
Kswe soil fertility stress coefficient for water productivity (Kswp <= 1)

Kswp is 1 for non limiting soil fertility. The stress coefficient decreases for increasing soil
fertility stress (see 3.2. Stresses). Biomass production is no longer possible when the
stress coefficient reaches the theoretical minimum of 0.

Because the reservoir of nutrients gradually depletes when the crop develops, the effect
of soil fertility on the adjustment of WP is not linear throughout the season. As long as
the canopy is small, the daily biomass production will be rather similar to the daily
production for non limited soil fertility, and Kswp; at day i will be close to 1 (no fertility
stress). This is the case early in the season when sufficient nutrients are still available in
the root zone. If the crop does not experience water stress, the canopy will further
develop during the season but this will result in a progressive depletion of nutrients from
the reservoir. Consequently the daily biomass production will gradually decline when
more and more biomass is produced. This is simulated in AquaCrop by making the stress
coefficient Kswp; a function of the relative amount of biomass produced (By). For every
day in the season By is given by the ratio between the amount of biomass produced on
that day and the maximum amount of biomass that can be obtained at the end of the
season for the given soil fertility level. The maximum amount refers to a production
without any water stress during the season.

Since By, after correction for temperature stress, is proportional to the relative amount of
water that has been transpired, Kswp; for any day in the season is given by:

>(Ks,, (Tr, 1ETo,))
Ksyp, =1= fop | (Eq. 3.11h)

> (Ks,,, @, ,/ETo )

=

where Kswp; soil fertility stress coefficient for water productivity at day i

fwp maximum reduction for WP (expressed as a fraction) for the given
soil fertility level, that can be observed at the end of the season
when the crop does not experience water stress (fwp = 1 — Kswp)

Y(Tr/ETo;)  sum of water transpired at day i (normalized for climate)

Y(Tr/EToj) sum of water that will have been transpired at the end of the season
(normalized for climate) for the given soil fertility level when the
crop does not experience water stress

Ksy, temperature stress coefficient for biomass production (see 3.11.3)
n number of days in the season
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nostress — 1.0 3.11.3 Air temperature stress coefficient for biomass production
_ § The production of biomass might be t d when the air is too cool. This
§ we is simulated in AquaCrop by considering a temperature stress coefficient Ks; (see 3.2.3
§ Air temperature stress). Depending on the number of growing degrees generated on a
Lo day, the value of Ks;, varies between 0 (resulting in no biomass production on a day) and
R 1 (biomass production is not restricted by temperature for that day).
< E Y ,———_——_———,—em,—_—e—e—e@s:’
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relative transpiration o 060 e
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8
Figure 3.11e U P Y A S,
Soil fertility stress coefficient for various degrees of relative transpiration X H
(for a fyp of 0.3 or a Ksyp of 0.7) g
B 020 q---oo e
5
The variation of the soil fertility stress coefficient throughout the season is plotted in Fig. full stress — 0.00 ;

3.11e. At the start of the season Kswp; is 1 and WP is not adjusted. As more and more
water is transpired during the season, Kswp; will gradually decline. When the crop does
not experience any water stress throughout its cycle, the relative transpiration becomes 1
at the end of the season and Kswpi-n = Kswp. However, if water stress hampers the
canopy development and/or result in stomatal closure, the relative transpiration will
remain smaller than 1 throughout the season, resulting in a smaller adjustment of WP
(Kswp,izn > Kswe ).

= Adjustment of WP for atmospheric CO», type of products synthesized and soil
fertility or soil salinity stress

The total adjustment of the normalized crop water productivity for atmospheric CO,, type

of products synthesized and soil fertility/salinity stress is given by:

WPy = feor fraa Ksups WP (Eq. 3.110)

How strongly WP"; differs from WP', depends on the deviation of the atmospheric CO,
concentration from its 369.47 ppm reference value, the growth stage (vegetative or yield
formation), the type of products synthesized during yield formation, the amount of
biomass produced, the soil fertility and /or soil salinity stress. For soil fertility/salinity
stress, WP',g; will decline during the season as more biomass is produced and Kswe;
gradually decreases.
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>
Growing Degrees (C day)

Tull biomass production

low er limit
upper limit
0 Cday D,y C iy
Figure 3.11f

The air temperature stress coefficient for reduction of biomass production (Ksj,)
for various levels of growing degrees

If the growing degrees generated in a day drops below an upper threshold (GDypper) the
biomass production is limited by air temperature and Ks, is smaller than 1 (Fig. 3.11f). In
AgquaCrop it is assumed that biomass production is completely halted when it becomes
too cold to generate any growing degrees (Ks, = 0 for 0 °C day). Between the lower (0°C
day) and upper limit (GDypper) the variation of the adjustment factor is described by a
logistic function. The upper threshold (GDypper) is a crop parameter, and its value can be
adjsuted between 0.1 and 20 °C day.

3.11.4 Above ground biomass production between cuttings

For forage and grass crops the above ground biomass production between cuts is
simulated by Eq. 3.11b. It is thereby assumed that at each cut a volume of biomass
remains on the field. The biomass harvested at the first cut in the season can only be
estimated if the initial biomass at the start of the season is known.
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3.12 Partition of bi into yield part (yield formation)
The partition of biomass into yield part (Y) is simulated by means of a Harvest Index
(HI):

Y=HIB (Eq. 3.12a)

where B is the total above-ground biomass produced at crop maturity (Eq. 3.11b) and HI
the fraction of B that is the yield part. When water and/or temperature stress develops
during the crop cycle, the Harvest Index is adjusted to the stresses at run time for
fruit/grain producing crops and roots and tuber crops and might be different from the
reference harvest index (HI,). The adjustment can be positive or negative and depends on
the timing and the extent of the stress. The calculation scheme is presented in Fig. 3.12a.

above ground biomass

\4
Y = fu Hl, B
A

reference

Harvest Index <—— adjustment for inadequate photosynthesis

adjustment factor water stress before yield formation (positive adjustment)

4\ failure of pollination (negative adjustment)
adjustment depends water stress (Ksuo)
on timing and extent heat stress (Kpoin)
of stress cold stress (KSpos)

water stress during yield formation

/b affecting leaf expansion (positive adjustment)
affecting stomata closure (negative adjustment)

Figure 3.12a
Calculation scheme in AquaCrop for yield (Y)
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3.12.1 Reference Harvest Index (HIL,)

The reference Harvest Index (HI,) is the ratio of the yield mass to the total aboveground
biomass that will be reached at maturity for non-stressed conditions. HI, is a crop a
parameter that is cultivar specific.

3.12.2 Building up of Harvest Index

The increase of HI is described by a logistic function:

HI,, HI,

H HI,, +(HI,— HI,)exp 7" (Ba- 3120
where HI; Harvest Index at day i;
HI, specified reference Harvest Index [fraction];
Hlini initial value for HI (HIy; is 0.01);
HIGC growth coefficient for HI [day" I8
t time [day].

The simulation of the building up of the Harvest Index differs along the crop types.
Distinction is made between leafy vegetable crops (Fig. 3.12b), root/tuber crops (Fig.
3.12¢), and fruit/grain producing crops (Fig. 3.12d).

= Building up of Harvest Index for leafy vegetable crops
After germination of leafy vegetable crops the Harvest Index builds up quickly and
reaches after a short while the reference value HI, (Fig. 3.12b). The time to reach HI, is
expressed as a fraction of the growing cycle (default is 20 %).

Harvest Index

germination

Figure 3.12b
Building up of Harvest Index along the growth cycle for leafy vegetable crops
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In Eq. 3.12b, t is the time after germination. Given HIiy;, HI, and the time required to
obtain HI,, the corresponding growth coefficient (HICG) for HI is derived in AquaCrop
from Eq. 3.12b.

= Building up of Harvest Index for root/tuber crops

Just after the start of tuber formation or root enlargement the increase of the Harvest
Index is described by a logistic function (Fig. 3.12c). The harvest index for any day of
yield formation is given by Eq. 3.12b, where t is the time after the start of tuber formation
or root enlargement. The growth coefficient (HICG) is determined with the help of the
specified length of yield formation (time required to obtain HI,). When the building up of
the Harvest Index is fast, the crop might have reached its reference value (HI,) before the
end of the crop cycle.

Harvest Index

start of tuber formation

transplanting
or root enlargement

Figure 3.12¢
Building up of Harvest Index for root and tuber crops
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= Building up of Harvest Index for fruit/grain producing crops

Just after flowering the increase of the Harvest Index is slow (lag phase) and described by
the logistic function. The harvest index for any day in the lag phase is given by Eq. 3.12b
where t is the time after flowering. The growth coefficient (HICG) is determined with the
help of the specified length of yield formation (time required to obtain HI).

Once the increase of the Harvest Index is sufficient large to reach HI, at the end of yield
formation, the lag phase is ended and the increase of HI becomes linear (Fig. 3.12d).
When the building up of the Harvest Index is fast, the crop might have reached its
reference value (HI,) before the end of the crop cycle. Given the excess of potential
fruits, the period of building up of HI cannot be smaller in AquaCrop than the time
required to have 100% potential fruits.

Harvest Index (%)

0 T T T T
time (days after anthesis)

lag phase linear increase of HI N
P

yield formation phy siological
maturty

flowering
(start yield formation)
Figure 3.12d

Building up of Harvest Index from flowering till physiological maturity
for fruit and grain producing crops

Reference Manual, Chapter 3 — AquaCrop, Version 4.0 June 2012 3-96




3.12.3 Adjustment of HI, for inadequate photosynthesis

For root/tuber crops and fruit/grain producing crops the Harvest Index might need to be
adjusted for insufficient green canopy cover. A too short grain/fruit filling stage or tuber
formation stage might result in inadequate photosynthesis and a reduction of the
reference Harvest Index (HLg) at run time.

Before HI, is reached, the remaining green canopy cover might be very small as a result
of early canopy cover. If the remaining canopy cover at the end of yield formation is
below a minimum value (CCjinimum), the crop is unable to reach HI,,. This is detected by
the program by comparing for each day during the yield formation stage, the actual green
canopy cover (CC) with the minimum canopy cover required for yield formation. If CC is
smaller than or equal to the minimum value, the Harvest Index can no longer increase
(Fig. 3.12e). This results in an adjusted HI which is smaller than HI,. The threshold green
canopy cover below which the Harvest Index can no longer increase is a program
parameter.

green canopy cover

early canopy

triggered
flowering

e g atorathosi)
yield formation

Figure 3.12¢
Harvest index development (bold line) when insufficient green canopy cover
remains during yield formation for crops with determinancy linked with flowering
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3.12.4 Adjustment of HI, for water stress before the start of yield
formation

When a fruit/grain producing or root/tuber crop has spent less energy in its vegetative

growth, the Harvest Index might be higher than HI, (Fig. 3.12f). The maximum allowable

increase of HI, as the result of water stress before flowering (AHIune) is specified as a

percentage of HIL,.

70
B0 - oo
R , M
g 50
8§ 0
g
B 0o
H
5
E P
. .

T T
lag phase time (days after anthesis)
ield formation
flowering phy siological
(startyield formation) maturity
Figure 3.12f
Range (shaded area) in which the Harvest Index of
fruit/grain producing or root/tuber crops can increase
as a result of water stress before the start of yield formation

In AquaCrop the relative biomass is used to asses the saving in energy in the vegetative
growth stage. The relative biomass (By), determined at the start of flowering (tuber
formation), is the ratio between the actual biomass (B) and the potential biomass (Bo):

B =— (Eq. 3.12¢)

The actual biomass is the biomass derived from the cumulative amount of water
transpired at the moment of flowering. The potential value is the biomass that could have
been obtained in the same period in the given environment if there was not any stress
resulting in stunned growth, stomatal closure or early senescence.

HI, might be adjusted upward if By is smaller than 1 at the start of flowering. However,
it is the magnitude of By that determine the magnitude of the adjustment. A too high or a

Reference Manual, Chapter 3 — AquaCrop, Version 4.0 June 2012 3-98

too low By will result in only a slight correction or no adjustment at all (Fig. 3.12g).
Hence, the adjustment is restricted to a particular range of By,. The range valid for
adjustment is given by:

n(Amr,,)
R B, )=——>" <1 Eq. 3.12d]
ange(B,, ) === (Eq.3.12d)
where AHIe allowable increase of HI, as the result of water stress before

flowering [%];
Range(B,.;) range of relative biomass (Bgj) in which HI, can be adjusted
[fraction].

In AquaCrop the range is linked to the allowable increase (in percentage) of HI, specified
by the user. The percentage is crop specific and gives the maximum possible increase of
HI, as a result of water stress before flowering. The higher the specified increase AHIpe,
the larger the range for adjustment.

AHly, /100

0.0 0.1 0.2 03 0.4 058 06 0.7 08, 09 1.0
lower 1 upper
Brel limit top limit

B,y range
affecting Hi,
Figure 3.12g
Coefficient (fune) by which HI, has to be multiplied to consider the effect of water

stress before the start of yield formation, for various relative biomass values (Ba),
and a given allowable increase (AHLp()
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‘Within the range where HI can be adjusted, the exact correction for HI, is given by a sine
function (Fig. 3.12g):

®  For By between the lower limit and the top:

i 1+sin((1.5 - Ratio,, ) #) AHI,

=1 — e Eq.3.12¢
e 0 100 (Eq. )
where B relative biomass at the start of flowering (Eq. 3.12¢);
Briow lower limit of the By Range affecting HI,;
Briop top of By Range affecting Hl,;
Fante coefficient by which HI, has to be multiplied to consider

the effect of water stress before flowering;

el

0< Ratio,, =

<1 (Eq. 3.12f)

B

riop ~ Prtow

®  For By between the top and the upper limit (B = 1):

+l+sinl(().5+Ratio”p) ) AHI

=1 ——e Eq. 3.12;
Jone 2 100 Eq e
where By relative biomass at the start of flowering (Eq. 3.12¢);

Briop top of By Range affecting HI;

Brup upper limit of By Range affecting Hl,;

fante coefficient by which HI, has to be multiplied to consider

the effect of water stress before flowering.

0< Ratio, = B.=B..,
< Ratio,, =5 "B <1 (Eq. 3.12h)

rp ~ Proop

The response in the Range(B,;) is assumed to be asymmetric. The top is at 1/3 of By,
and at 2/3 of By jow.
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3.12.5 Adjustment of HI,, for failure of pollination
(only for fruit/grain producing crops)

= Flowering
In AquaCrop the pattern of flowering is assumed to be asymmetric with time (Fig.
3.12h). The flowering distribution curve is given by:

£, =0.00558 k"** —0.000969 k —0.00383 (Eq. 3.12i)

where k is the relative time in percentage of the total flowering duration and k, is the
fraction of flowers flowering a time k.

0016
0.014 === -2 s
0012f-----/ DN
0010 F---/ N
0008 -/ N\ e
o006 -/ N\
0.004 S
0.002 -

Flowering (fractions of total flowers)

0.000 T T T T
0 20 40 60 80 100

Time (Percentage of flower duration)

Figure 3.12h
Distribution of flowering during the flowering period

Generally a crop will produce flowers in excess. When conditions are favorable, the crop
sets more fruits than needed for a good harvest. The excessive young fruits are aborted as
the older fruits grow. The excess (fexcess) is a crop parameter.

= Failure of pollination

Severe water stress, cold stress, or heat stress at flowering might induce a reduction in the
reference harvest index because insufficient flowers are pollinated to reach HI,. The
effect is dynamic, affecting only the population of flowers that is due to pollinate at the
time of the stress, but not the younger flowers due to pollinate days later or the flowers
already pollinated. To estimate Hl,qj AquaCrop calculates for each day of the flowering
period, the HI that can be reached with the number of flowers already pollinated:

j
HI,, = Z[K:, (1+fle F, H[“] < i, (Eq. 3.12))
T
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where j number of days since the start of flowering (j = 1 at the start of flowering)
fexcess  €xcess of the sink (percentage);
F fractional flowering on day j (derived from Eq. 3.12i);
To be able to account for cold and heat stress at flowering, the calculation
procedure works with calendar days;
Ks;j  stress factor limiting pollination on day j.

< stressed period >

40 38.0%

26.7%

Development of HI
n
3
;

T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Time (days)

Figure 3.12i
The development of HI at flowering and the adjusted harvest indexes (HI,q;) for a
non stressed (full) and a stressed (dotted line) flowering period of 14 days.
(HI, = 38%, fexcess = 50%, and stress occurs (Ks < 1) from day 2 till day 9)

The excess of the sink made that if stress reduces pollination by a minor amount, HI,
might not be affected because the excessive young fruits are given the change to grow,
instead of dropping off, if stress is ameliorated after the flowering period and canopy
photosynthesis is adequate. An import stress, during several days at flowering, might
result in a Hl,gj that is smaller than the specified HI, (Fig. 3.12i). The smaller the excess
of flowers (fexcess) and the more severe the stress (Ks), the stronger the reduction of the
reference harvest index.

Failure of pollination due to water stress (Kspoi,)

Severe water stress at the time of flowering, can markedly inhibit pollination and fruit
setting. This is simulated by considering a soil water stress coefficient for pollination,
Kspow (see 3.2.2 Soil water stress). If the root zone depletion drops below a threshold
(Ppot TAW), Ksplw becomes smaller than 1 and pollination starts to fail (Fig. 3.12j).
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Kspoiw decreases linearly from 1 at the upper threshold (pp) to zero at the lower
threshold (permanent wilting point).

water stress coefficient-
for polination

no stress — 1.0 @

Kspoiw
water stress coefficient

Figure 3.12j
The water stress coefficient for failure of pollination (Kspoi.w)
for various degrees of root zone depletion (Dr)

Since pollination is inhibited only be severe stress, the fraction of TAW that can be
depleted from the root zone before pollination is affected (pp) is large. The threshold
should be set lower than the threshold for the effect for stomatal closure (pyo,) and
senescence (Psen). Since by then stomata are largely closed and most of the transpiration
is eliminated, the stress effect on pollination needs not to be adjusted to ET,. Because the
data on pollination failure are limited and insufficient to determine the shape of the
response curve, a linear function is considered for Kspol .

Failure of pollination due to cold (Kspo1.) and heat stress (Kspo,n)

If the minimum air temperature drops below a threshold (Tycoq) or the maximum air
p rises above a threshold (Ty hea), pollination might be affected. This simulated

by considering a cold stress (Kspoic) coefficient and heat stress (Kspoin) coefficient for

pollination (see 3.2.3 Air temperature stress).

When the minimum air temperature on a day drops below the specified threshold
temperature (Ty coia), the cold stress coefficient Ksporc will be smaller than 1 (Fig. 3.12k).
Kspoic becomes zero at the lower threshold which is set at 5 degrees below Ty coa. A
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logistic function is used as the response function between the lower temperature threshold
and Tpeoa. Similarly, when the maximum air temperature rises above the specified
threshold temperature (Txnea), the heat stress coefficient Kspon will be smaller than 1.
Kspoin becomes zero at the upper threshold which is set at 5 degrees above T peat. Outside
the stressed period, the air temperature stress coefficients Kspolc and Ksporp are 1.

no stress 0 — nostress

Kspole

cold stress coefficient for pollination
Wiodgy

uogeuliod Joj aloya00 SseS Jeay

full stress —— 0.0 0.0 — full stress

low er

limit

Minimum air

Figure 3.12k
The air temperature stress coefficients for failure of pollination
due to cold (Kspyoc) and heat (Ksyop) stress
for various air temperatures
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3.12.6 Adjustment of HI, for water stress during yield formation

Water stress after flowering (fruit/grain producing crops) or after the start of tuber
formation or root enlargement (root/tuber crops) might affect the reference Harvest Index
(HI,) as well. Depending on the moment when the water stress occurs and on its
magnitude, the adjustment can be upwards or downwards (Fig. 3.121).
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Figure 3.121
Range (shaded area) in which the Harvest Index of fruit/grain producing or
root/tuber crops can alter as a result of water stress during yield formation

= Upward adjustment of HI,

As long as vegetative growth is still possible (see 3.5.2 Period of potential vegetative
growth), the daily rate with which the Harvest Index increases (dHI/dt) might be adjusted
if water stress affects leaf expansion. This results in an increase of dHI/dt and is given by:

dﬂ:[ui(] K““"")J(ﬂ) (Eq. 3.12K)
dt a dt ),
where (dHI/dt), reference increase of the Harvest Index after flowering;
KSexp. i value for the water stress coefficient for leaf expansion growth at
day i (see 3.5.1). Kseyp is 1 for no stress and 0 for full stress;
a crop parameter (the value is crop specific and can vary between 0.5

(strong effect) and 40 (very small effect).
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By keeping track of the daily values for Kseyp, ; during the period when vegetative growth
is still possible, the positive adjustment of the Harvest Index at the end of the period is

given by:
= a
=14t Eq. 3.121)
Lot n(exp) (Eq
where n(exp) period when vegetative growth is still possible [days];
foostt coefficient by which HI, has to be multiplied to consider the

positive effect of water stress after flowering.

The adjustment of HI, is plotted in Figure 3.12m for various values of ‘a’. When a is 0.5
and the average root zone depletion during the potential period of vegetative growth is
large (Dr 2 pexp jower TAW), frosy might increase up to 3. This will result in a HI, which is
the triple of HI,.

10 08 06 04 02 0.0
|

nostress KSexp full stress

Figure 3.12m

Values for fyox if water stress after flowering occurs
for various mean water stresses affecting leaf growth (Ks.y,) and ‘a’ values
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= Downward adjustment of HI,

During the total period of the building up of the Harvest Index, the daily rate with which
the Harvest Index increases (dHI/dt), might be adjusted if water stress affects crop
transpiration. This results in a decrease of dHI/dt, and is given by:

1-Ks,
ddﬂ:"’/mw[l—%] [ﬂ) (Eq. 3.12m)
4 o0

dr
where (dHI/dt), reference increase of the Harvest Index after flowering;
Ksqo, i value for the water stress coefficient for stomatal closure (or for

deficient aeration conditions) at day i (see 3.10.2). Ksy, is 1 for no
stress and 0 for full stress;

b crop parameter (the value is crop specific and can vary between 1
(strong effect) and 20 (small effect).

no

1.0 ¢

fpost v
°
&
|

061

10 08 06 04 02 0.0
| |
no stress Kssto full stress
Figure 3.12n
Values for fyo, if water stress after flowering occurs for various mean water
stresses affecting crop transpiration (Ks,) and ‘b’ values
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By keeping track of the daily values for Ksyo; during the period of the building up of HI,
the negative adjustment of the Harvest Index at the end of the period is given by:

nyield) (l _Ks )
WKs - o,
S e .
= . 3.12n
postl n(vield) q.
where n(yield) period for building up the Harvest Index [days];
fpost) factor by which HI, has to be multiplied to consider the negative

effect of water stress after flowering.

The adjustment of HI, is plotted in Figure 3.12n for various values of b’. The 10" root of
Ksgo in Eq. 3.12n makes that the effect of stomatal closure on HI, is small when Ksg, is
close to 1, i.e. crop transpiration is only slightly hampered. Severe water stress might
strongly reduce HI, especially when b is small (close to 1).

= Combined effect on HI,

The total adjustment for water stress after the start of yield formation on the Harvest
Index is given by the product of the Eq. 3.121 and Eq. 3.12n. If the period where
vegetative growth is still possible (n(exp)) is smaller than the duration of building up the
Harvest Index (n(yield)), the adjustments are weighed by their relative length:

w, +(w, —w,
Fros = [M] Fromt (Eq. 3.120)
w,
where w; length of the period when vegetative growth is still possible [days];

w2 length of the period of building up the harvest Index [days];
fpost  coefficient by which HI, has to be multiplied to consider the combined
effect of water stress after flowering.
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3.12.7 Total effect of water and temperature stress on the Harvest Index
The total correction of HI, at the end of the yield formation is obtained by considering the
adjustments of water stress before and after yield formation and during flowering (Fig.
3.120).

ure of pollinatior|
tocreaso of HI o

it

' <— (3b)

| (3a)| senesc;encei

planting

[
! ncresso o W ahd
lowering yild formation

reduction of canopygrowth educton of crop transpiration |

Figure 3.120
Periods in which water stress might affect HI and its effect on HI,.
(1) before yield formation; (2) during flowering; and (4) during yield formation,
with indication of (3) the period of possible vegetative growth
for (a) determinant crops and (b) indeterminant crops

The total correction of HI, at the end of the yield formation is given by:

HI= foe fron Hloy (Eq. 3.12p)
where HI Harvest Index reached at the end of yield formation;
Fante factor by which HI,g; has to be multiplied to consider the effect of
water stress before flowering (Eq. 3.12¢ and 3.12g);
foost factor by which HI,g; has to be multiplied to consider the effect of
water stress after flowering (Eq. 3.120);
HLg; reference Harvest Index adjusted for failure of pollination and
inadequate photosynthesis
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The adjusted Harvest Index can range between an upper limit (larger than HI,) and 0
(Fig. 3.12p):

= If HI is larger than HI,, its value can however never exceed a maximum specified by
the user. The allowable increase (AHI) which is crop specific, is specified as a
percentage of HIL,:

HI< (1 Al ) HI, (Eq. 3.12q)

= As aresult of water stress at and after flowering, HI might be smaller than HL,. If the
water stress during yield formation is very severe and results in a crop transpiration
rate far below its potential value, HI might become very small. HI will be zero
(resulting in no yield) if the average water content in the root zone is at wilting point
during yield formation.

Harvest Index (%)

T T
lag phase time (days after anthesis)

yield formation

flowering physiological
(start yield formation) maturity

Figure 3.12p

Range (shaded area) in which the Harvest Index can increase or decrease
as a result of water stress before and after the start of yield formation
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3.13 Schematic outline of the model operation
The model operation as explained in this chapter is schematic depicted in Figure 3.13.

planting density
air temperature (GD Days)
Green Crop Canopy (CC) Development [ leaf expansion (KSaxpuw)

water stress early canopy senescence (Ksse)

soil salinity stress. maximum canopy cover (Ksccs)
canopy decline (foosciine)
+« adiustment for micro-advective effects (*)

soil fe y stress. E leaf expansion (KS exp,1)

v

T: = Ks [CC* Ker,] ETo [— adiustment for ageing ()
: L i for (fer)
: water stress stomata closure (Kso)
v —E soil salinity stress (Ksssar)
water logging (Ksaer)

= Ks WP* X(Tr/ETo)

— adjustment for CO; concentration (fcoz)
adjustment for synthesized products (fyi)
temperature stress (Ksy)
soil fertility stress (Ksus)

Grrreenew

Y = fu Hip B

adjustment for insufficient green canopy cover

depending on timin water stress before flowering (4 ) water stress (KSpoiw)
and extont of stress —E failure of pollination () ‘E :::: ::::z E?:w.n:
i

water stress during yield formation (4 )

Figure 3.13
Schematic outline of the model operation of AquaCrop.
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3.14 Simulation of the effect of soil fertility stress

3.14.1 Calibration of the crop response to soil fertility stress
To describe the effect of soil fertility stress on crop development and production,
AquaCrop makes use of 4 stress coefficients (Table 3.14).

Table 3.14 - Soil fertility stress coeffici and their effect on crop growth

Soil fertility stress coefficient | Direct effect Target
model

parameter

Kscex: Stress  coefficient for | Reduces canopy cover CC

maximum Canopy Cover

Ksexps @ Stress coefficient for | Reduces canopy expansion CGC

canopy expansion

fepecine ¢ Decline coefficient of | Decline of the canopy cover once the CCy

canopy cover maximum canopy cover is reached

Kswp : Stress coefficient for | Reduces biomass production WP’

Water Productivity

The shape of each of the 4 soil fertility stress coefficients are fixed when calibrating the
crop response to soil fertility stress (Fig. 3.14a). The calibration process is described in
Chapter 2 (see 2.9.8 Calibration for soil fertility stress in the Reference Manual) by
considering the effect of soil fertility stress in a stressed field. The calibration is done in
the Crop characteristics menu.
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Figure 3.14a — The shape of the 4 Ks curves as determined by calibration.
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From the 4 calibrated Ks curves, the relation between Biomass and soil fertility stress

(Fig. 3.14b) is obtained:

(i) by defining for various soil fertility stress levels the individual effect on (a) CGC,
(b) CCx, (c) canopy decline, and on (d) WP* (as obtained from the 4 stress
curves, Fig. 3.14a); and

(ii) by subsequently calculating for each of those soil fertility stress levels the
corresponding biomass production (B) by considering the specific decrease of
CGC, CCx, canopy decline and WP*.

Since the shapes of the 4 Ks curve are not necessary identical and the effect of stress on
WP* increases when the canopy cover increases, the Biomass — soil fertility stress
relationship is not linear (Fig. 3.14b).

100

relative Biomass (%)

[ 20 40 60 80 100
soil fertilty stress (%)

Figure 3.14b — Relationship between relative Biomass and soil fertility stress.

3.14.2 Selection of a soil fertility level for simulation

In the Field management menu, the soil fertility level is specified indirectly when the
user specifies the maximum biomass that can be expected in the field affected by soil
fertility stress. The selected biomass is the biomass production that can be expected for
the selected crop, for the given soil fertility level in the field, under the given climatic
conditions, and in absence of any other stresses than soil fertility stress. It is the biomass
that can be locally produced in a good rainy year or under irrigation when there is no
water stress. This level of biomass might be available in statistical reports of local crop
productions, or might be obtained from farmers. The selected biomass is expressed as a
percentage of the biomass that can be obtained in the same field but for unlimited soil
fertility.
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From the relationship between relative Biomass and soil fertility stress (Fig. 3.14b),
AquaCrop derives the ‘corresponding’ soil fertility stress in the field. This corresponding
soil fertility stress level is required to know the corresponding values for each of the 4
stress coefficients. These values are derived from the shapes of the individual Ks curves
(Fig. 3.14a).

3.14.3 Running a simulation

‘When running a simulation, AquaCrop considers the effect of soil fertility stress on
canopy development and crop production with the help of the 4 stress coefficients and
calculates at each time step the Biomass. When due to soil water stress, the Biomass is
less than what can be expected for the given soil fertility stress, AquaCrop decreases the
soil fertility stress in its next time step(s). As such AquaCrop considers the rise in soil
fertility because a water stressed crop is limited in its uptake of nutrients. The stronger
the water stress, the more nutrients remain in the soil reservoir and the stronger the rise in
soil fertility. If at a later stage the water stress is relieved by ample rainfall or irrigation,
the soil fertility decreases and eventually returns to its original state if the Biomass
production is in line with the one specified in the Field management menu. This
dynamic adjustment of the soil fertility level makes that the effect of soil fertility stress is
automatically adjusted to the effect of other stresses.
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3.15 Simulation of the effect of soil salinity stress

3.15.1 Calibration of the crop response to soil salinity stress
To describe the effect of soil salinity stress on crop development and production,
AquaCrop makes use of 4 stress coefficients (Table 3.15a).

Table 3.15a - Soil salinity stress coefficients and their effect on crop growth

Soil fertility stress coefficient | Direct effect Target
model

parameter

Kscex: Stress  coefficient for | Reduces canopy cover
maximum Canopy Cover

Ksexps ¢ Stress coefficient for | Reduces canopy expansion CGC
canopy expansion

fepedine ¢ Decline coefficient of | Decline of the canopy cover once the CCy
canopy cover maximum canopy cover is reached

Ksgoait ¢ Stress coefficient for | Reduces crop transpiration Ksgo

stomatal closure

The shape of each of the 4 soil salinity stress coefficients are fixed when calibrating the
crop response to soil salinity stress (Fig. 3.15a). The calibration process is described in
Chapter 2 (see 2.9.10 Calibration for soil salinity stress in the Reference Manual) by
considering the effect of soil salinity stress in a stressed field. The calibration is done in
the Crop characteristics menu.
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Figure 3.15a — The shape of the 4 Ks curves as determined by calibration.
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In AquaCrop the effect of soil salinity stress on canopy development is assumed to be
identical to the effect of soil fertility stress on CC. Hence the Ks curves for CGC, CCx
and canopy decline are identical for the 2 stresses. The difference between soil salinity
and soil fertility stress is that, on top of affecting CC, soil salinity stress triggers stomatal
closure (described by Ksgosu) while soil fertility decreases the biomass water
productivity (described by Kswp).

From the 4 calibrated Ks curves, the relation between Biomass and soil salinity stress

(Fig. 3.15b) is obtained:

(iii) by defining for various soil salinity stress levels the individual effect on (a) CGC,
(b) CCx, (c) canopy decline, and on (d) stomatal closure (as obtained from the 4
stress curves, Fig. 3.15a); and

(iv) by subsequently calculating for each of those soil salinity stress levels the
corresponding biomass production (B) by considering the specific decrease of
CGC, CCx, canopy decline and crop transpiration.

Since the shapes of the 4 Ks curve are not necessary identical and the effect of soil
salinity stress on crop transpiration is not identical to the effect of soil fertility on WP*,
the Biomass — soil salinity stress relationship is not linear and differs from the Biomass —
soil fertility stress relationship (Fig. 3.15b).
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Figure 3.15b — Relationship between relative Biomass and soil salinity stress.
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3.15.2 Soil salinity stress coefficient
Biomass production might be affected by soil salinity stress. To describe this process a
soil salinity stress coefficient is considered (Table 3.15b).

Table 3.15b — Soil salinity stress coefficient and its effect on biomass production

Soil salinity stress Direct effect Target model parameter
Coefficient
Ksge @ Soil salinity stress | Reduction of Canopy cover (CGC, CCx and
coefficient biomass production canopy decline) and
Crop transpiration (stomatal
closure)

The average electrical conductivity of the saturation soil-paste extract (ECe) from the
root zone is the indicator for soil salinity stress. At the lower threshold of soil salinity
(ECe,), Ks becomes smaller than 1 and the stress starts to affect biomass production. Ks
becomes zero at the upper threshold for soil salinity (ECey) at which the soil salinity
stress becomes so severe that biomass production ceases (Fig. 3.15¢). The shape of the
Ks curve can be linear, convex or logistic. Values for ECe, and ECe for many
agriculture crops are given by Ayers and Westcot (1985) in the Irrigation and Drainage
Paper Nr. 29 and presented in Annex I.
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Figure 3.15¢ — Various shapes for the Ksq curve
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3.15.3 Simulating the effect of soil salinity on biomass production
As indicated in the FAO Irrigation and Drainage Paper Nr. 29, the average seasonal ECe
in the root zone determines the reduction in crop yield (relative to the potential yield). For
ECe smaller than the upper threshold (ECe < ECe,), crop yield is assumed not to be
affected by soil salinity. For ECe equal to or larger than the lower threshold (ECe > ECy),
soil salinity is so severe, that crops can no longer be cultivated. For ECe between the
thresholds, the shape of the Ksg curve (Fig. 3.15¢) determines the reduction in relative
biomass production (Bre):

B,, =100 (1-Ks,,) (Eq. 3.152)

Br expresses the expected biomass production under salt stress with reference to the
maximal biomass that can be produced in the given environment in the absence of any
other stress.

100 %
o
salt —@—V ; Stomatal closure
A on Ksuo =
0% stress 100% —
Kssto,sait i

>
root zone depletion

KSexp.t

fepeciine

reduced canopy cover

no water stress o
reduced crop transpiration

9

Figure 3.15d - The effect of soil salinity on biomass production
in a well watered soil with unlimited soil fertility

O

average ECe
in root zone

By assuming that the effect of soil salinity is similar to the effect of soil fertility on
canopy development, AquaCrop uses this approach to simulate the effect of soil salinity
on CC. The relative biomass production is obtained by considering also the effect of

Reference Manual, Chapter 3 — AquaCrop, Version 4.0 June 2012 3-118

stomatal closure on crop transpiration. The calculation procedure is schematically

depicted in Figure 3.15d and consists of the following 5 steps:

1. the average electrical conductivity of the saturation soil-paste extract (ECe) from the
root zone determines the soil salinity stress (Ksqy), as described in Fig. 3.15¢;

2. the relative biomass (By) that can be produced with the salinity stress (Ksgy) is
obtained by Eq. 3.15a;

3. the stress inducing stomatal closure and affecting canopy development is derived
from the user calibrated relationship between relative biomass production and soil
salinity stress (Fig. 3.15b);

4. the stress determines the value for (i) Ksyosu (resulting in stomatal closure and
affecting crop transpiration, Tr), (ii) Ksexp,r (slowing down canopy development), (iii)
Kscex (reducing the maximum canopy cover) and (iv) fepecine (triggering canopy
decline) resulting in reduced canopy cover and reduced crop transpiration (Fig.
3.15a);

5. as a result of the calibration the resulting By is identical to the expected By (Eq.
3.15a) in the absence of soil water stress.

Changes in salt content during the season require a continuous adjustment of the stress
coefficients (Kso sty KSexp,; KScex, and fepeciine). However, since time is required to build
up salts in the root zone (or to leach them out of the root zone) the adjustment of the
stress coefficients remains modest throughout the simulation run.

*A Stomatal closure
Kssio

root zone depletiol

reduced canopy cover

v reduced crop transpiration ——J» Biomass

soil salinity
stress
soil water
S soil water
K and salt
balance

Figure 3.15e — The combined effect of soil salinity and soil water stress
on the biomass production
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The smaller canopy cover and stomatal closure as a result of salinity stress, results in a
reduced crop transpiration which affects the soil water balance. Canopy development and
crop transpiration might be further affected if next to soil salinity stress, also water stress
develops during the growing season (Fig. 3.15¢).

If next to soil salinity stress also soil fertility stress affects canopy development, the
resulting reduction in CC at a specific moment during the growing cycle is determined by
the strongest stress at that moment. In AquaCrop the effect of soil fertility and soil
salinity stress on CC are not added up.

3.15.4 The effect of soil salinity stress on the thresholds for soil water
depletion

The effect of soil salinity stress on stomatal closure is simulated by multiplying the soil

water stress coefficient for stomatal closure (Ksy,) with the soil salinity stress coefficient

for stomatal closure (Ksg salr):

KS ot = KS o ar K8, (Eq. 3.15b)

00 R e e A P

root zone depletion

Fig. 3.15f — The soil water coefficient for stomatal closure (Ksg,) without (gray line) and
with (black line 1) the effect of soil salinity stress, and the shift of the thresholds (circles)
by considering (black line 2) the effect of soil salinity stress on the thresholds.

Due to osmotic forces, which lower the soil water potential, the salts in the root zone
makes the water less available for the crop. The osmotic forces are likely to alter also the
upper and lower thresholds for root zone depletion at which soil water stress (i) affects
leaf expansion (Ksje), (ii) induces stomatal closure (Ksy,) and (iii) triggers canopy
senescence (Ksgen). This is simulated by multiplying the fractions (pupper and piower) of
TAW with Ksyo s (Fig. 3.15f and 3.15g). By means of the Program settings in the Crop
characteristics menu, the user can switch “on™ or “off” the additional effect of salinity
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stress on the thresholds. The effect is only considered for the simulation of canopy
development, but has no effect on the adjustment of the Harvest Index (to avoid the
double effect of soil salinity on crop yield).

no stress —— 1.0
Ks os
06
04
0.2

full stress— 0.0

00 ]
root zone depletion

Figure 3.15g — Shift of the thresholds (circles) for root zone depletion and its effect on
Ksexp and Ksqe, for leaf expansion and canopy senescence (lines) with (black) and without
(gray) the effect of soil salinity on the thresholds.
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List of principal symbols
| Symbol Description Unit
B dry (above ground) biomass Mg ha"
cC Green Canopy Cover m’m-
CC* Green Canopy Cover adjusted for micro advection m’m’
cco Canopy size of the average seedling at 90% cm
CC, Canopy Cover at 90% emergence or after ing m m’
CC, Maxi green Canopy Cover m-m’
CDC Canopy Decline Coefficient dTor°Cd’
CGC Canopy Growth Coefficient dTor°C-d’
CNn Curve Number for antecedent moisture class IT -
CR Capillary Rise mmd”’
Dr Root zone depletion mm
DP Deep percolation mmd’
E Soil evaporation mmd’
Copyright E, Soil evaporation in Stage I (wet sol suface) mm d
Al rights reserved. Reproduction and dissemination of material in this information product ECe, Electrical of the saturated soil-paste extract: s m
for ional or other ial purposes are authorized without any prior written lower threshold (at which sol salinity stress starts (o occur) -
permission from the copyright holders provided the source is fully acknowledged. ECe, Electrical of the saturated soil-paste extract: s m
Reproduction of material in this information product for resale or other commercial purposes upper threshold (at which soil salinity stress has reached its
is prohibited without written permission of the copyright holders. Applications for such . effect) - — o
ission should be to the Chief, ic Publishing Policy and Support EC. Electrical cogduf:tlvlly o.f the irrigation wate.r ds m,.
Branch, Information Division, FAO, Viale delle Terme di Caracalla, 00100 Rome, Italy or by ET Evapotranspiration  (soil - water evaporation and  crop mm d
e-mail to copyright@fao.org — _ -
ET, crop P! power of mm d
the )
f Adjustment factor -
fage Reduction coefficient describing the effect of ageing, d7
Disclai nitrogen deficiency, etc. on the crop transpiration
FAO declines all responsibility for errors or deficiencies in the database or software of in the - ;ﬁi‘;{‘]i’: —— -
documentation accompanying it, for program maintenance and upgrading as well as for any sen senescence on the crop trans irali%m coefficient 24
damage that may arise from them. FAO also declines any responsibility for updating the data - %’—P—ﬂ T
and assumes no responsibility for errors and omissions in the data provided. fyeta Reducu.o n coef 16 lent fiescn!’mg ﬂ.‘e effect of the p mdeS -
synthesized during yield formation on the normalized
Users are, however, kindly requested to report any errors or deficiencies in this product to w.aler produgllv!ly
FAO. FC Field Capacity
GDD Growing Degree Days “Cd
Contact: aquacrop@fao.org HI Harvest Index %
HI, R Harvest Index %
Web site: http://www.fao.org/nr/water/aquacrop.html 1 Irrigation mmd’
Koar Saturated hydraulic conductivity mm d”
Kcb Crop transpiration coefficient -
Keby Crop transpiration coefficient when complete canopy cover -
(CC =1) but prior to
Ke Soil evaporation coefficient for fully wet soil surface -
Ke, Soil evaporation coefficient for fully wet and non-shaded -
soil surface
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Kr Evaporation reduction coefficient - Zy ini effective rooting depth m
Kser Water stress coefficient for water logging (aeration stress) - Zy Maxi effective rooting depth m
Ksp Cold stress coefficient for biomass ducti - Az Soil compartment (depth layer) m
Kscex Soil fertility stress coefficient for maximum Canopy Cover - [¢] Volumetric soil water content m’.m>
KSexp.s Soil fertility stress coefficient for canopy i - Ouirdry Soil water content when air dry m’.m”
KSexpw Water stress coefficient for canopy i - [ Soil water content at FC m.m>
Kspole Cold stress coefficient for pollination - Opwp Soil water content at PWP me.m
Kspotn Heat stress coefficient for polli - B Soil water content at soil mm’
KSpoi Water stress coefficient for pollinati - N Drainage coefficient "
Ksan Soil salinity stress coefficient -
Kseen Water stress coefficient for canopy -
Ksyo Water stress coefficient for stomatal closure -
Kswp Soil fertility stress coefficient for Water Productivity -
Pexp. lower Fraction of TAW at which CGC becomes 0 -
Pesp.upper | Fraction of TAW at which CGC starts to be reduced B
Dol Fraction of TAW at which pollination starts to fail -
Peen Fraction of TAW at which early canopy senescence is -
triggered
Psio Fraction of TAW at which stomata start to close -
P Precipitati mm.d”
PWP Permanent Wilting Point
RAW Readily Available soil Water in the root zone mm
REW Readily Evaporable Water
RO Surface runoff
S Root extraction term
S, Maximum root extraction term m’.m>.d’
t Time GDD ord
T Air °Cc
Ta Average air °C
Toase Base temperature (below which crop development does not °C
progress)
Ta Daily mini; air °C
Tupper Upper temperature (above which crop development no °C
longer increases with an increase in air )
Ty Daily i air °C ,
Tr Crop transpiration mm.d
Tr, aximum crop i (for a well watered crop) mm.d
TAW Total Available soil Water (between FC and PWP) in the mm
root zone
Wr Soil water content of the root zone expressed as an mm
equivalent depth
WP Crop water productivity Mg ha'mm
WP Crop water productivity normalized for ET, and air CO, Mg ha"
Ze surt Evaporating soil surface layer m
Zeop Top soil layer from which water flows to the evaporating m
surface layer
z Effective rooting depth m
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I. Crop Parameters
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