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next chapter shows the procedure of generating a new weather data each time the game

played.

3.2.2 Weather Data

Seven major climatic zones as found in the world, are, namely: Tropical,
Temperate, Mountains, Continental, Mediterranean, Semi-Arid, and Arid. These zones
were identified based on the map shown in Fig. 3.2
(http://www.geography.learnontheinternet.co.uk/topics/climatezones.html#zones). The
Polar climatic zones were neglected because they present extreme conditions for
agricultural production. Instead, a continental and a semiarid climatic zone were added
based on the existence of these zones in Keoppen’s classification
(www.blueplanetbiomes.org/climate.htm).

Global daily climate data records for precipitation, minimum air temperature and
maximum air temperature for 1950 to 1999 time period discussed in Adam and
Lettenmaier (2003), and Maurer et al. (2009), were used in the model. The climatic data
used has 0.5-degree spatial resolution. The spatial extent of data ranges from 179.75W to
179.75E in longitude, and from 55.25S to 55.25N in latitude

(www.engr.scu.edu/~emaurer/data.shtml).

After identifying the climatic zones spatial extend, a set of points within each
climate zone was identified (Fig. 3.3). An average daily value for each climatic variable
was calculated over the climatic zone gridded points for the whole period of record
(1950-1999). The output is a one-year daily record of the specified parameter (e.g.

minimum and maximum air temperatures) over the selected climatic zone. The daily



(Image courtesy of the UK Meteorological Office)

Fig. 3.2. World classification of climatic zones

Fig. 3.3. Seven climatic zones used to process the daily records during the period from
1950 to 1999 for precipitation, minimum temperature, and maximum temperature

28
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precipitation averaged over the 50-year period shows unreasonable output, where all days
have at least some precipitation data in all climatic zones. Therefore, the precipitation
data were taken from the selected points over one year only, and that year was 1990.
After retrieving the one-year daily data averaged over 50 years, the mean monthly
average and the monthly standard deviation were obtained for the three parameters

(precipitation, minimum air temperature, and maximum air temperature).

3.2.3 Water Balance Model

This model is considered the main part of the technical module of the game. It
simulates the field soil water and salinity balances on a daily basis and calculates crop
growth, consumptive use, soil water content, soil salinity, and relative yield response to
irrigation events. Thus, the model monitors the daily irrigation scheduling program and

its effect on crop conditions and productivity (Fig. 3.4a, b).

Required Input Data

The data required for the model to calculate the daily soil water balance are

divided into two categories:

1. Farm data: data that are applicable for the whole farm, such as latitude,
climate zone, depth to the groundwater table, salinity of the irrigation water,
and farm irrigation water delivery method; and,

2. Field data: data that are specific for each field within the farm, such as the

planted crop, planting date, irrigation method, and soil texture.
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Various parameters that affect the daily soil and salt water balance are considered,
such as: depth of applied irrigation water, depth of precipitation, groundwater
contribution, evapotranspiration, deep percolation, and surface runoff. Calculations of

water balance are based on the following equation (Allen et al. 1998):

DrEndofDay (‘] ) = DrBeginningofDay (‘] ) - I:)net (‘] ) - Inet (‘]) - GWnet (‘] ) + ETa (‘] ) + DPa (‘]) (31)

where J is the day of the year; Drg ., (J) is the depth of water depletion in the root

zone at the end of day J; Dr; (J) is the depth of water depletion in the root zone

eginningofDay
at the beginning of day J; P, (J) is the actual amount of precipitation that enters the root
zone during day J; 1, (J) is the amount of irrigation water that infiltrates into the soil

during day J; GW

(J) is the amount of groundwater contribution in the root zone area

net
during day J; ET,(J)is the actual depth of crop evapotranspiration during day J; and,
DP,(J) is the actual depth of water deep-percolated below the root zone during day J.
All terms in Eq. (3.1) have units of millimeters.

For the first day of simulation, the following are assumed: Dryeg;ingomay (3) = 0;
Oaegimingotpay (J) = S0il water content at field capacity ( 6, ); ponded water at soil surface

from irrigation or precipitation, PW (J) = 0; runoff water, RO (J) = 0; relative yield (J) =
100%. And, for the subsequent days until the end of the crop growing season the

fOIIOWing are assumed: DrBeginningofDay (‘]) = DrEndofDay (‘] _1) ; eBeginningofDay (‘]) =

Oengoiny (3 =1); PW(J) = PW (3-1); and, RO (J) = RO (3-1).



For Each Field
Load input data: Crop, soil, weather

Sub:
Return Potential Evapotranspiration (ETo(J))
Return Precipitation amount (P(J))

v

Determine crop growth stages (4 stages) I

Soil Moisture Content (0 (J)) = 6 (J-1)

Soil Moisture Depletion (Dr1(J)) = Dr2(J-1)
Runoff (RO(J)) = RO(J-1)

Surface Ponded Water (PW(J)) =PW(J-1)

Calculate Crop Coefficient (Kc(J))
Calculate Crop Response Factor (Ky(J))

Starting Point
For each section
day of planting

J=1

Soil Moisture Content (6 (J)) = FC
Root Depth (RZ(J)) = Initial RZ
Soil Moisture Depletion (Dr1(J)) = 0.0

Runoff (RO(J)) = 0.0
— no yes—p Deep Percolation (DP(J)) = 0.0
Surface Ponded Water (PW(J)) = 0.0

Calculate Crop Coefficient (Kc(J))

Calculate Crop Response Factor (Ky(J))

\— ‘ Calculate Crop Evapotranspiration (ETc (J)) IQ

Function:
Calculate RZ(J)

Calculate the Total Available Water (TAW(J))
Calculate Readily Available Water (RAW(J))
Calculate 6 at RAW

Ground water contribution (GW(J)) = 0.0
Function:

Calculate Net Irrigation water (Inet(J) effect on 6
Function:

Calculate Net Precipitation (Pnet(J)) effect on 6

Is Rz within
groundwater capillary
fringe?

Yes |Function:

Calculate GW(J)

DP(J) = 0.0

|
No
{ DP(J) = 0.0 I

Yes

Calculate Potential Deep Percolation (DPp (J))
=PW(J)+((6(J)-FC)Rz(J)*1000)

31

GW(J) = amount
required to bring 6
to saturation

s GW(J) > amount
required to bring 6 to

ion?
saturation? 6(J) =6 at

saturation (6S)

No

Calculate Maximum DP = (6S -FC) *Rz(J) * 1000
If soil is Light then MaxDP=MaxDP

If soil is Medium then MaxDP = MaxDP/2

If soil is Heavy then MaxDP = MaxDP/3

Function:

Function:

0(J) = 6(J)+GW(J) effect
Calculate Net Irrigation water (Inet(J) effect on 6

Calculate Net Precipitation (P(J)) effect on 6

MaxDP > Soil
Saturated Hydraulic
onductivity (Ksaj

MaxDP > DPp?
No Yes
DPQJ) = MaxDp = DPp
maxDP DP(J) = MaxDP

Yes No
MaxDp = Ksat DP(J) =
DP(J) = MaxDP maxDP

Recalculate 6(J) due to Deep Percolation effect

Fig. 3.4a. Flowchart of the soil water balance calculations in the model



Sub:
Calculate Ponded Water (PW(J))

Function:
Calculate Soil Salinity (ECe(J))

Sub:
Calculate Crop Stress Factor (Ks)

Calculate Actual Evapotranspiration
(ETa(J)) = ETc(J) *Ks

Recalculate 6(J) due to ETa(J)

Calculate Soil Moisture Depletion at the end of the day (Dr2(J)) =
Dri(J)+ETa(J)+DP(J)-GW(J)-Inet(J)-Pnet(J)+(FC-6(J)*1000*(RZ(J)-Rz(J-1))

Function:
Calculate Relative Yield

Nextday:J=J+1

End of season ?

Return to starting point

Finished

Fig. 3.4b. Flowchart of the soil water balance calculations in the model
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Simplified assumptions were made to estimate all parameters on the right side of
Eq. (3.1). These assumptions are as follows:

e Homogeneous soil profile (in both texture and structure) throughout the root zone
and has only one soil layer. Therefore, soil water content and salt concentration is
uniform throughout the depth of the root zone for each 24-h simulation interval.

e Soil water depletion at the beginning of the planting day is assumed to be zero,
and the soil water content at this time is at field capacity.

e The depth to the water table is taken to be independent of internal variables such
as deep percolation or capillary rise.

e Lateral flow of soil water between adjacent fields is considered to be negligible.

e Ifirrigation, precipitation, and groundwater contributions all enter the crop root
zone in any given day of a simulation, it is assumed that the groundwater
contribution occurs first, followed by irrigation, and finally by precipitation.

e At each day, if the net groundwater contribution to the root zone is more than
zero, then net deep percolation from the root zone is equal zero.

The calculations of all parameters within the water balance model were as
follows:

Root depth (R,): If there is no vertical barrier within the root zone (e.g. water

table), the daily root depth is calculated based on the assumption that the daily root
growth rate is constant and increases linearly from the date of planting (Fig. 3.5). The

following equation was used to calculate the daily root depth (Prajamwong 1994):
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~R,(J 1)
—J

R,(3) =R, (3 ~1) + B
full cover

planting (32)

where R, (J —1)is the root depth at the previous day; (R,),., IS the maximum root depth

of the specific crop, usually reached at the end of the development growth stage; and,

J is the planting day.

planting

Planting Day:
Jplam =1
R; (J)=0.0

development stage (Jgev):
ARz = ((Rz)max - (Rz)lnllial)/(Jdev - Jplan!)

R2(J3) = (R2)initial + ARz(J - Jpiant)
yes—» No. of days roots are below water table:
DaysInR; = 0.0

no

Daily root growth between planting (Jpiant) and end of I

Part of roots below water table:
SubmergedR.(J) = R,(J) - GWT

Ro(3) = (Ro)initar + ARSI - Jpiand) I

SubmergedR,

>0.07 Net root depth:

RZz,e:(J) = abs(SubmergedR,(J) - SubmergedR,(J-1))

DaysInR;(J) = DaysInR,(J-1) + 1 |

no

Is DaysInR,(J)
>1 and < 3?

R:(J) = R,(J-1) I

DaysInR;(J) = 0.0

R.(J)=R.(J-1)
- Rzne((J - 3)

yes

Z<J>— R.(3-1) \RZ(J)— RO -1 + AR |
\ |

1 [
Is R,(J) >
(R2)max?

yes

R2(J3) = (Ro)max
, | Next day:

yes

Fig. 3.5. Daily root depth calculation procedure
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The model will not allow the root depth to exceed the maximum reported root
depth for the specific crop (Allen et al. 1998). Also, in calculating the root depth, the
sub-model considers the depth of the groundwater table. If the bottom of the root zone is
at the water table, there will be no root growth during that day. Likewise, there will not
be any root growth if the water table is inside the root zone. If any portion of the root
zone stays within groundwater table for more than three days, that portion will die.

The model also considers whether the part of the root that atrophied due to
saturated soil water conditions will grow back or not, based on the crop growth stage. If
the crop has passed the development stage, there will be no additional root growth. Also,
if groundwater table coincides with the ground surface for more than three days, the crop
will die. The one exception considered herein is that of rice, which can survive fully
saturated root-zone conditions.

Actual crop consumptive use (ET,): The daily actual consumptive use is

calculated based on the following equation:

ET, =K K.ET, (3.3)

where K is used to account for the effect of soil water stress due to water shortage and
salinity level in the root zone K; ET, is the grass reference evapotranspiration
(mm/day), calculated using the Hargreaves equation; and, K. is the crop coefficient, a

function of growth stage (Allen et al. 1998).
The climatic data required to calculate reference evapotranspiration (ET,) are

included in the software. The climatic data parameters are: maximum mean daily
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temperature, Tmax (°C); and, minimum mean daily temperature, Tmin (°C). The player
must choose from one of seven climate zones, as described previously in this chapter.
Each time the game is played, a new set of climatic data will be used for this calculation.

The daily reference evapotranspiration, ET,, (Fig. 3.6) is calculated according to

the Hargreaves equation (Merkley 2007).

ET, = 0.0023R, (T +17.8)VTR (3.4)
where R_is extraterrestrial radiation (MJ/m?/day); T is the mean air temperature in °C;
and, TR is the average daily temperature range in °C (mean daily maximum minus mean
daily minimum air temperature).

The calculation of ET (J) for J=1 is based on converting the planting month and

planting day entered by the player into day of the year, as a number between 1 and 365.

This is done using the following equation (Allen et al. 1998):

Planting date=Truncate (275(M /9) —30+ D), if M <3, or

3.5
Planting date =Truncate ((275(M /9) =30+ D)-2), if M >3 3-5)

where M is the planting month (1-12); and, D is the planting day (1-31) in the month.

These parameters are entered by the player.



Input Parameters:
daily Tpax and Ty for
the chosen climate

Calculate:
Mean daily air temperature (T(J))

Average daily air temperature range (TR)
Planting day (Jcrop)

Planting day:
k=1

J=K+ Joop -1

@ yes b J=J-365
Parameter: farm
latitude

ET, (J) = 0.0023* R.*(T+17.8) * sqrt(TR)

Calculate extraterrestrial solar
radiation, R,, in MJ/m?/day

Convert ET,(J) unit from MJ/m*/day
into mm/day by dividing by A

A =0.002361 * T(J)

ETo(k) = ETo(J)
Prot(K) = Pet(J)

no
yes
v

Fig. 3.6. Daily grass reference evapotranspiration calculation procedure
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To estimate K_on a daily basis, the following equations were used (Allen et al.

1998):

(3.6)

K.()=K, + ( K, —K. )[J_LA]

stage

where J. is day number within the growing season; KCprev is crop coefficient for the

prev

previous growth stage; Kcnm is crop coefficient for the next growth stage; Z L., issum

of the length of all previous stages (days); and, L

stage

is length of the stage under

consideration (days).

The soil water and salinity stress factor, K, (Fig. 3.7), is calculated using the

following equation (Allen et al., 1998):

b
100K,

TAW(3)-D.(3)
TAW(3)-RAWW)'] 5,

Ks (‘]) =1- (ECe(‘])_ ECthreshoId):H:(

where TAW is total available water in root zone (mm); RAW is readily-available water
(mm); b is the reduction in crop yield per increase in EC, (%/dSm™); EC, ... IS the
electrical conductivity of the saturation extract at the threshold when crop yield first
reduces below the potential crop yield (dS/m); and, K is a yield response factor
(Doorenbos and Kassam 1979).

The first part of the equation represents the stress due to soil water salinity, while

the second part represents the stress due to water deficit.
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Planting day:
J=1

Dr, < RAW
and
EC. (J) < ECthreshold?

no

Dr; < RAW
and
EC¢(J) > ECirveshold?

Ks = 1- (b/Ky*100)*(EC¢(J) - ECitreshord)

no

Dr; > RAW
and
Ece(-]) < EClhreshoId?

Ks = (TAW — Dry)/(TAW - RAW)

Ks = [1- (b/Ky*100)*(ECe(J) - ECirreshold)] *
[(TAW — Dry)/(TAW-RAW)]

End of season?

Next day:
J=J+1

yes

Groundwater contribution (GW): Based on the depth of the groundwater table

Fig. 3.7. Daily stress factor calculation procedure

(GWT), if the water table is not inside the root zone, the groundwater contribution can
affect the plant only if capillary rise (capillary fringe) from the groundwater table reaches
the bottom of the root zone (Table 3.1). An average of the values is considered in the

model for each textural classification.
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Table 3.1. Capillary rise values for various soil types (Tanji and Kielen 2002)

Soil Texture Capillary Rise (cm)
Coarse 20to 50 cm
Medium 50t0 80 cm
Fine 90 cm

The groundwater contribution is the up-flux due to capillarity from the water table
(m/day) and can be calculated based on Darcy’s Law (Eching et al. 1994):

oh(9) _ h(e)

GW =—K(0)
3Z  GWT

(3.8)

where K () is the unsaturated hydraulic conductivity (cm/day); GWT is the depth to the

water table from the ground surface (cm); and, h is the soil water head (cm).
Unsaturated hydraulic conductivity is calculated from the following equation

(Eching et al. 1994):

_ [e@-a T, . [e@-6.T" |
K(e)—Ksa{gs_er} {1 a [ o } )}

S r

(3.9)

where 6, is residual soil water content (cm®/cm®); 6, is saturated soil water content

(cm®cm?®); K_, is the saturated hydraulic conductivity (cm/day); and, m is an empirical

sat

parameter, defined as follows:

m=1-= (3.10)

where n is also an empirical parameter (defined in Table 3.2;) and h is soil water head

(cm), and is calculated as follows (Raes 2009):
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h(8) = 1 M_l v
| al 6Q)-06.

As a logical assumption, if there is any amount of groundwater contribution to the

(3. 11)

soil root zone, no deep percolation occurs on that day. The sub-model will also calculate
the effect of this quantity on the soil water content of that day. If the contributed quantity
is enough to saturate the soil root zone, then no irrigation or rainfall water can enter the
soil profile on that day; if any of these happen, the model will add these quantities to the
runoff, or to the ponded water if the basin irrigation method is used in the simulation. If
the quantity is not enough to saturate the root zone, then if any amount of irrigation or
precipitation occurred at that day, the sub-model will allow for an amount of irrigation
and/or precipitation to enter the soil profile such that the maximum of this amount is
enough to raise the root zone soil water content to saturation. Any amount above that
level will be added on the runoff quantity, unless the irrigation method is basin irrigation
method, in which case this amount will be added to the ponded water. Figure 3.8
describes the calculation procedure for groundwater contributions to the root zone.

Table 3.2. Class average values of Van Genuchten water retention parameters (Schaap et
al. 1999 cited in Raes 2009).

Soil Type n | aecm?) |0, cm’cm® | 0. (cm*cm?)
Sand 3.18 0.035 0.375 0.053
Loam 1.48 0.0098 0.4 0.062
Clay 1.27 0.011 0.457 0.1




Input Parameters:
e  Soil moisture content at saturation (6s)
Residual soil moisture content (6g)
Saturated hydraulic conductivity (Ksat)
Other empirical parameters

Planting day:
J=1

R,(J) is at or below GWT
or capillary fringe?

yes
\
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no

Calculate Van Genuchten empirical parameter (m)
Calculate GW(J)

Calculate GW(J) from equation I

Calculate matric potential at end of root zone (h) in cm
Calculate unsaturated hydraulic conductivity (k) in cm/day

Increment J
(next day)

End of season?

no.

Fig. 3.8. Calculation procedure for groundwater contributions to the root zone

Amount of irrigation water (Inet): Based on the chosen on-farm irrigation

method, the model calculates the net amount of irrigation water that enters the soil profile

as a result of each irrigation event. For basin irrigation, the total amount of irrigation

water has the potential to enter the soil profile, with no surface runoff losses. The sub-

model checks if the amount of total irrigation water is enough to saturate the soil root

zone. If it does, it means there will be some extra water, which will be stored on the soil

surface as ponded water. By assuming that the ponded water will substitute for the water

consumptive use of that day, the ponded water might take more than one day to infiltrate
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in the soil. The sub-model accounts for this and calculates the depth (which may be zero)
of ponded water on a daily basis.

With furrow, border, sprinkler, and drip irrigation methods, no ponded water is
allowed to remain on the soil surface. Also, not all of the irrigation water will infiltrate
the soil even if the amount of water is less than the amount required to bring the water
content to saturation. Some of the irrigation water will be lost from the field due to
runoff. The amount of runoff is estimated as a fraction of the total irrigation water (p).
The fraction was based on information from Walker (2010, personal communications)
and is presented in Table (3.3).

After calculating the net amount of irrigation water that enters the soil profile, the
model calculates the effect of that irrigation amount on soil water content (Fig. 3.9).

Table 3.3. Assumed fraction (p) of total irrigation water lost as runoff (Walker 2010,
personal communications)

Soil Irrigation

Texture Method p
Coarse Furrow 0.1
Coarse Border 0.1
Coarse Drip 0.0
Coarse Sprinkler 0.01
Medium Furrow 0.2
Medium Border 0.15
Medium Drip 0.0
Medium Sprinkler 0.02
Fine Furrow 0.3
Fine Border 0.2
Fine Drip 0.0
Fine Sprinkler 0.05




Input Data
Total Irrigation (ltot(J))
Run Off due to Irrigation
Method (RO(J))

J=1
Itot (J) = 0.0

First Day: Planting day I

Nextday:J=J+1

Itot(J) = 0.0
linf= 0.0

yes

Potential Infiltrated amount of Irrigation
water (linf) =ltot(J-1) - RO(J)

linf > 0.0 and
Pinf > 6S -0(J) ?

»<_ltot (3-1) > 0.0? Mo | lnet(d) = 0.0
0(J) = 6(J) + 0.0
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Ponded Water (PW(J)) = PW(J)+Extrawater
Runoff (RO(J)) = RO(J) + 0.0

|

yesj

6(J) = 6(J) + linf 0(J) =6S
Extrawater = 0.0

Inet(J) = linf

Extrawater = linf — 6S -6(J)
Netlirrigation Inet(J)= 6S -6(J)

Irrigation
Method is
Basin ?

yes

Ponded Water (PW(J)) = PW(J) + 0.0
Runoff (RO(J)) = RO(J) + Extrawater

Nextday:J=J+1 Ii
\

Finished

Fig. 3.9. Calculation procedure for the effect of net irrigation on soil water content

Amount of precipitation water (Pnet): The calculation of the amount of

precipitation water follows the same reasoning as the calculation of the net irrigation that

enters the soil profile, taking into consideration the irrigation method used. But, instead

of taking the runoff quantity as a fraction (percentage) from the total precipitation, the

sub-model calculates the effective precipitation by following the FAO-AGLW approach,

after adapting it for daily calculations using the following equations (Smith 1988):
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P. =06P B0 O (3.12)

total 30 17 total 30

Pinf = 0'8Ptotal _E’ Ptotal > Emm
30 30 (3.13)

where P, is the amount of precipitation that infiltrates the soil at the surface.

If there is any precipitation that goes to runoff or ponded water, these amounts
will be added to the previously calculated runoff and ponded water quantities due to
irrigation. The effect of the net amount of precipitation that enters the soil surface, on the
soil moisture content is also calculated by the model (Fig. 3.10).

Deep Percolation (DP): If the soil water content in the root zone is more than the

field capacity, and there is no groundwater contribution to the soil root zone, there will be
some amount of water deep percolated at the bottom of the root zone, to be considered in
the sub-model. The sub-model calculates the potential deep percolation (DPp), which is
the amount of water that could potentially percolate below the root zone (and which
includes the soil water content above field capacity and any ponded water on the soil
surface).

Since only a specific amount of water can percolate below the root zone,
according to the soil texture, not all the potential deep percolation amount can leave the
root zone in one day. The sub-model defined the maximum amount of water that can be
deep percolated in one day based on the saturated hydraulic conductivity of that soil
texture class. For the normal range of agricultural soil textures, it will take one to four

days for the extra water (above field capacity) to drain from the root zone due to gravity
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(Hargreaves and Merkley 1998). The model considers three days for heavy soils (clays),

two days for medium soils, and one day for light soil textures, such as sands.

Total Precipitation (Ptot(J))

Input Data

At Planting Day
J=1

Pnet(J)=0.0
6(J) = Theta(J) + 0.0

Infiltrated amount of
Precipitation (Pinf) = Ptot(J)

-No

Ptot (J) > 0.0 2

yes

Basin irrigation
method?

no

Pinf > 0.0 and also Pinf >

05 - 0(3)?

6(J) = 6(J) + Pinf
Extrawater = 0.0
Pnet(J) = Pinf

no | Pinf = Effective Precipitation (Peff)

Peff = 0.6(Ptot(J)-(10/30)

I
yes

Ptot < (70/30)?

no

Peff = 0.8 (Ptot(J) - (25/30)

Extrawater = Pinf - 05 - 0
NetPrecipitation Pnet(J)= 6s- 6(J)

yes

Finished

J=J+1

Ponded Water (PW(J)) = PW(J)+Extrawater
Runoff (RO(J)) = RO(J) + 0.0

yes

Basin
irrigation
method?

no
|

Ponded Water (PW(J)) = PW(J) + 0.0
Runoff (RO(J)) = RO(J) + Extrawater

Fig. 3.10. Calculation procedure for the effect of net precipitation on soil water content
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Due to actual deep percolation of soil water below the root zone, the soil moisture
content will change and must be recalculated as follows:

DR, (3)

9) =90~ 1000R J)

(3.14)

where R, isin m.

Soil Moisture Depletion at the end of the day ( Dr; (J)): Inthe calculating

ndofDay
of the water stress due to water shortage, the calculation of soil moisture depletion at each
day is required. The calculations in the soil moisture depletion procedure are based on
Eqg. (3.1), which includes all the parameters affecting soil moisture content during the
day. Using that equation without considering the growth of the root zone at the end of
the day, and its related change in soil water content within the increased portion of the
soil root zone, will result in erroneous calculations of the stress factor. Therefore, for the
calculation of the soil moisture depletion at the end of the day, Eq. (3.1) should be

amended to read as follows:

DrEndofDay (‘J) = DrBeginningofDay (‘]) - Pnet(‘]) - Inet(‘J) -GW,
(6, —6(J ~1)*Rz(J) — Rz(J —1)*1000)

(J)+ET,(J)+DP,(J)

net

(3.15)

or the following simple equation can also be used in the determination of the depletion at

end of day:

D gotpay (3) = (O =0 (3) engor by ) RZ(J) * 1000 (3.16)
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The use of this equation is subject to the way the soil water content &(J) gy pay 1S

calculated, and whether @is recalculated after the calculation of each parameter affecting

soil moisture content or not.

3.2.4 Salt Balance Calculations

The root-zone salt balance is calculated on a daily basis in order to determine the
daily ECe in the root-zone (Fig. 3.11). The sub-model calculating root-zone salt balance

is based on the following concept:

S S + AS

today — “ yesterday (3.17)
where S is mass of salt per unit area (mg/m?); and, AS is the change in salt mass in the
root zone.

The sub-model will start calculating the mass of salt per unit area in the day of
planting with an initial value of EC, and an initial value of root depth Rzniiar. Then, the

salt mass in the root zone for the following days in the season is calculated based on the

following equation:
S; = EC, , *6.4(10) *R, * 0, + AS (3.18)

where j is the day of the year; j-1 is the previous day; EC. is the soil water extract salinity
in dS/m; R; is the root depth in m; & is the volumetric water content at saturation
(fraction); and AS is the change in mass of salt in the root zone per unit area (mg/m?) over

the given time interval.
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Input Parameters:
Irrigation water salinity (ECiy)
Amount of deep-percolated water, DP (J)
Initial Soil Salinity, ECe
Groundwater contribution to the root zone, GW(J)

Groundwater salinity:
(ECgw) = 3*ECiw

Planting day: J=1

no.

Salt in the root zone (mg/m?):
Salt(J)= (ECe)initia*0s*R,(J)*640,000
) 4
DP(J) > 0.07 yes—» Determine LF rqulrgd tg remove
salts due to irrigation

no Salinity of deep-percolated water:
i (Ec)ap = ECwlLF

As= (Inet()*ECiw+GW(J)*ECyn- DP(J)*ECqp)* 640

yes

Change in amount of salt due to irrigation,
groundwater, or deep percolation:

Soil water salt content:
Salt(J) = EC¢(J-1)*R,(J)*0s*640,000) +As

EC.(J) = Salt(J)/(0s*R.(J)*640,000)

Next day:
J=J+1

Fig. 3.11. Daily salt balance calculation procedure

Salt can enter the root zone in irrigation water and in groundwater, and it can

leave only as deep percolation. Therefore, AS can be calculated as follows:

AS =S, + S, — S (3.19)

where S;y is the mass of salt entering the root zone from irrigation water (mg/m?); Sgw IS

the mass of salt entering the root zone from ground water (mg/m?); and Sqp 1S the mass of
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salt leaving the root zone by deep percolation (mg/m?). Note that Siw >0, Sgw =0, S¢p
>0.

The algorithm never allows both net groundwater contribution and net deep
percolation water on the same day.

The mass of salt from irrigation water is calculated as:

S, = EC,I. (640 mg / 'j (3.20)
dS/m

where EC;y, is irrigation water salinity (dS/m); and I; is the depth of irrigation water that

entered the soil root zone (mm). Similarly,

mg /1
S, =EC_1_ |640 3.21
. [ u ,mj (3.21)
and
mg /|
S = ECyl4 (640 dS/mj (3.22)

where lg is the contribution from groundwater (mm); lgp is the amount of deep
percolation (mm); ECgy is the salinity of groundwater (ds/m); and ECyq, is the salinity of
deep-percolated water (dS/m).

The ECgy is calculated from the salinity of the irrigation water as follows (Ayers

and Westcot 1985):

EC,, = 3*EC,, (3.23)
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For maximizing the crop production function (Fig. 4.8):

At the day when water could be available (depending on the delivery interval, as
set by the player or by the program for a fixed rotation delivery method, or according to
certain constraints based on the irrigation method for the on-demand delivery method),
do the following:

1. Determine the mid-point between field capacity and readily available water; that
is, ¥2(Orc + Oraw);

2. Do not irrigate if the soil water content is above the mid-point, if water delivery
method is fixed rotation, or do not irrigate if the soil water content is above Oraw,
if water delivery method is on-demand;

3. Determine the delivered irrigation water quantity: duration * flow rate;

4. Search for the best decision variable. This is the best percentage of net irrigation
water that is required to raise the soil water content, from its current amount, to
field capacity. It will be the same percentage for all irrigations throughout the

growing season.

Inet(J)=0.01* Ipercentage™ (FC-6(J -1)* R (J-1)*1000 4. 3)

5. Specify a range for that quantity whereby “min” is the minimum irrigation
duration multiplied by the net flow rate, and “max” is the net delivered quantity;

6. Calculate the accumulative gross amount of irrigation water used;



7.

10.

11.

12.
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Assign a variable to calculate the accumulated total amount of water used in each
irrigation during the season so that it does not exceed the total available water for
the whole season;
If the delivery interval less than 15 days, set a limit on the amount of the last
irrigation, so as to not exceed the refilling of the soil water content to the mid-
point between Orc and Oraw;
Apply the daily soil water balance technical module and calculate the relative
crop yield objective function:

minimize: YieldReduction = 1 - RelativeYieldObtained 4. 4)
Minimize the crop yield reduction, which is equivalent to maximizing the relative
yield (1 - yield reduction);
Calculate the best production function by dividing the crop yield by the total
amount of irrigation water used; and,
Return the calculated yield reduction.

Figure 4.9 shows sample results obtained from playing the game when the

objective function is to maximize profit. The score is indicated as “89” because the

player obtained a net profit of $3,093, while the program obtained $3,484 (the ratio is

equal to 0.89). The graph also shows the player’s results in terms of relative crop yield

and production function, compared to the “best” results from the model, using the same

parameters with the search algorithm.
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First day:
d=1

Delivery method is
fixed rotation?

no-

Net irrigation = 0.0 Net irrigation = 0.0

0(d-1) < RAW? no

Net irrigation = yes
MinMax(flow rate,

B(d-1) <

MidPoint? Delivered Quantity)

yes

Net irrigation =

Delivered quantty = MinMax(flow rate, MidPoint)

Duration * Flow Rate

Accumulated gross irrigation =
MinMax(0, Seasonal Available water

Delivery interval < 1
& Last irrigation?

Calculate Relative Yield
yes

Calculate net irrigation:
MinMax(flow rate, MidPoint)

Objective Function Yield
Reduction = 1 - RelativeYield

yes
Calculate Relative Yield
e

Objective Function: Yield

Reduction = 1 - RelativeYield
yes

Fig. 4.8. Flowchart describing the logic used to maximize the crop production function

Calculate accumulated gross irrigation:
MinMax(0, Seasonal Available water

no
d=d+1

U




Recommended Results Player Results

Section Index |1 %
63.0 88.0
57.0 79.0
50.0 70.0
440 62.0
E 36.0 T 530
E 3 E g
2250 2350
19.0 26.0
13.0 18.0
6.0 9.0
0.0 0.0
0 13 30 45 60 75 90 105 120 0 13 30 45 60 75 20 105 120
season days season days
Irrig Percentage 20763 % Sec. Relative Yield 97.7 %
Total Water Applied 38,743 m3 Sect. Water Applied 15400 m3
Relative Yield 100.00 % Total Water Applied 61600 m3
Production Function ~ 1.29 kg/m3 Total Relative Yield  97.7 %
Net Profit $ 3484 .00 Production Function 0.8 kg/m3
Net Prafit $ 3093.08

’ OK
Fig. 4.9. Sample results using the profit maximization objective function

4.3 Player Type and Random Event Generation

The main objec