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Abstract:  The aim of this paper is to present a scalable computational tool developed in the MatLab environment to perform 
irrigation scheduling on a daily time step based on the water root zone balance in a single or multi-crop irrigated area 
with various soil types. Input data can be provided either in built-in databases or imported by the users, if needed. The 
structure of the tool makes its customization very flexible, using different methodologies according to the availability 
of the data and study requirements. The visual interpretation of the results is supported by the generation of graphical 
objects and the post-processing can be easily elaborated with common spreadsheets software. The proposed 
computational approach seems to be a useful tool for precision irrigation scheduling applications as it promotes the 
saving of water resources, maximizes the crop yield, and improves the water use efficiency. 
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1. INTRODUCTION 

The increase in population, combined with the improvement of living standards and the 
development of irrigated agriculture, are the main factors that caused the large increase in water 
consumption worldwide. The problem of increasing water requirements is more pronounced in 
areas where agricultural activity is intense. Nowadays, the 2/3 of the total amount of water 
consumption is used for irrigation purposes. Approximately, 70% of world water use including all 
the water diverted from rivers and groundwater sources, is used for agricultural irrigation (Koukouli 
et al., 2018). So, it is obvious that the world population growth with the increasing water 
consumption is leading to a sharp decline in available water supplies. As a result, water scarcity is 
considered as one of the main challenges that the next generation will address, but its effects have 
already been felt in some parts of the world. 

The water scarcity issue is particularly acute in the Mediterranean area, which is and will 
continue to be a hot spot of climate change with an observed trend towards warmer conditions and a 
greater irregularity in seasonal and annual precipitations (Olivera-Guerra et al., 2020). In case of 
Greece, the agricultural sector is the main consumer of water, since 80-85% of the total amount of 
available water concerns agricultural activities (Dercas, 2020). The spatial and the temporal 
distribution of water demand in agriculture areas are characterized by great heterogeneity. The 
highest demand of irrigated water is observed in the large plains, such as the plain of Thessaly and 
Thessaloniki. A basic characteristic of these areas is that higher water demand is presented during 
summer due to higher domestic use and irrigation consumption leading to critical conditions on the 
water resources availability. 

It is widely believed that an increase in the irrigation water use efficiency is the key to mitigating 
water shortage and reducing environmental problems (Deng et al., 2006; Berbel et al., 2018). While 
irrigation guarantees agricultural sustainability, in regions where rainfall is insufficient to support 
crop growth and yield, it must be scheduled properly, as crops suffer water stress at a critical 
growth stage, or excess water applied that leads to ponding, waterlogging, runoff and/or deep 
seepage, thereby leaching applied nutrients and polluting water bodies (Gu et al., 2020). To this 
aim, irrigation scheduling tools are used to ameliorate water use efficiency (WUE) and optimize 
crop yield and net economic returns (Smith, 1992; Allen et al., 1998; Bos et al., 2009; Patil et al. 
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2014; Bouraima et al. 2015; Akinbile 2020; Gu et al., 2020; Pushpalatha et al. 2020).  
In this paper, the development of a scalable irrigation computational tool is presented, coded in 

MatLab environment. The proposed irrigation scheduling tool determines the net and total irrigation 
demand in spatial scale. Specifically, this tool is based on a daily water balance of the root zone to 
predict the accurate quantity of irrigation water and the exact timing of its application for single or 
multiple crops and soil types in an irrigated area, as to avoid water stress, maximize the crop yield 
and improve the water use efficiency. Different time steps of available meteorological data can be 
supported by the proposed modeling approach for the calculation of reference evapotranspiration 
and effective rainfall. The tool is friendly for end users, equipped with built-in databases, and a set 
of functions and modules that can allow the application of the appropriate methodologies according 
to data availability. For demonstration purposes, an application example is given where the 
proposed tool features are tested for a multi-crop pattern, in different soil types, and for two 
irrigation periods. 

2. METHODOLOGICAL FRAMEWORK 

2.1 Soil water balance in irrigated field 

The irrigation water requirement calculations of the proposed computational tool are based on 
the soil water balance of an irrigated field (Allen et al., 1998; Bos et al., 2009; Pereira et al., 2020). 
According to this, the water balance of the root zone is illustrated in Figure 1. 

 

Figure 1. Water balance of the root zone (Allen et al. 1998) 

In order to simulate the soil moisture levels of the root zone and the irrigation water 
requirements, it is needed to estimate values for all the parameters presented in Figure 1. In our 
irrigation scheduling tool, the soil water balance for a given crop j in a soil k for a time interval i is 
presented by the equation (Allen et al., 1998; Georgiou and Papamichail, 2008; Pereira et al., 2020): 

( )i 1, j,k i, j,k i, j,k i, j,k c i 1, j,k i, j,k i, j,k i, j,k i, j,ki, j,kSM SM R I ET TAW TAW RO CR DP+ + = + + − + − − + −   (1) 

where SM is the soil moisture at the beginning of the time interval (mm), R is the effective rainfall 
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(mm), I stands for the irrigation water requirements (mm), ETc is the crop evapotranspiration (mm), 
TAW is the total available soil water in the root zone at the beginning of time interval (mm), RO is 
the runoff from the soil surface (mm), CR is the capillary rise from the groundwater table (mm) and 
DP is the water loss out of the root zone by deep percolation (mm). 

It is assumed that water can be stored in the root zone until field capacity (FC). In case of heavy 
rain, the soil moisture that might temporally exceed field capacity is assumed to be lost by runoff 
(RO). Capillary rise (CR) is ignored as no shallow water table is considered and deep percolation 
(DP) is neglected since the amount of irrigation water is taken as equal to the deficit amount in the 
root zone. 

In the beginning of the cultivation period, soil moisture is assumed to be at field capacity (FC) 
for all soils and crops. TAW refers to the total amount of water available in the root zone that can 
be utilized by the crop. The soil water content at field capacity (FC) and permanent wilting point 
(PWP) are respectively the upper and lower limits of TAW.  

In the first stage, the code of the computing tool uses «if» conditions to check if there is runoff 
(RO). The condition is:  

i, j,k i, j, j i, j,kSM R TAW+ ≥  (2) 

If the condition is true, the SM is taken equal to the TAW for that time interval (e.g. day) and the 
runoff (RO) is given as follows: 

i, j,k i, j,k i, j,k i, j,kRO SM R TAW= + −  (3) 

Then, the following threshold is calculated: 

i, j,k i, j,k i, j,kDAW TAW RAW= −  (4) 

where DAW is the threshold (mm) and RAW is the readily available soil water (mm). RAW is the 
amount of water that crops can extract from the root zone without experiencing any water stress and 
is taken as a fraction (p) of TAW. 

In the second stage, the computational code uses «if» statements to check if the irrigation is 
needed. The condition is:  

( )i, j,k i, j,k c i, j,ki, j,kSM R ET DAW+ − ≥  (5) 

If the condition is true, there is no need for irrigation. Otherwise, the amount of irrigation water 
is calculated by: 

( )i 1, j,k i, j,k c i, j,k i, j,ki, j,k
I DAW ET SM R+ = + − −  (6) 

where I is the crop irrigation water requirements. 
Then, the computational tool calculates the amount of water needed (m3/ha) and it multiplies the 

value by the cultivated area (ha), as defined by the user during the calling of function «surface». 
The user is then required to enter or select three efficiency values: the field application efficiency 
Ea, the field canal efficiency Eb and the conveyance efficiency Ec. After multiplying the crop 
irrigation water requirements (m3/ha) by the three efficiencies, the computing tool has calculated the 
final output: the total volume of water required (m3/day) to meet the crop irrigation water 
requirements taking into account the above efficiency values. This equation also exports the final 
irrigation schedule in xls format for easier editing and storage of the data. 
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2.2. Computational procedure 

The above procedure is the core of the irrigation computational tool and it is a mathematical 
description of the soil water balance in an irrigated field. All the parameters included in the 
calculations, are described in the following flow chart (Figure 2).  

 

Figure 2. Code flow chart  

According to the code flow chart, the first function of the script that is called and named 
“meteoimp” is responsible for the import of the meteorological data from an Excel spreadsheet. It 
interacts with the user to determine the cell array in which each data is located. 

Also, the computational tool includes an Excel spreadsheet for all crop data, which contains 
values for the crop stages duration, the crop coefficient of each stage, the maximum root depth, the 
depletion fraction and the seed month for Mediterranean climates. The function which is 
responsible for the import of the crop data is called “FAOdataimport”.  

Next comes the function called “etochoice” (ETo choice). The computational tool calculates the 
reference crop evapotranspiration with two methods. The first one is the FAO Penman Monteith 
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method and the second one is the Hargreaves-Samani method.  
The function “etochoice” interacts with the user to choose the reference evapotranspiration 

calculation method. According to the user’s choice, the computational tool offers two options for 
the calculation of reference evapotranspiration a) FAO Penman Monteith method with the use of 
function “etocalc” (ETo calculation and b) Hargreaves - Samani method with the use of function 
“harsam”. In this way, the computational tool is adapted to the the given availability of 
meteorological data, since each method requires a different number and type of meteorological data.  

If the user chooses the FAO Penman Monteith method, the function “etocalc” uses the equation 
(Allen et al., 1998): 

( ) ( )

( )
n 2 s a

mean
o

2

9000.408Δ R G γ u e e
T 273ET

Δ γ 1 0.34u

− + −
+

=
+ +

 (7) 

where ETo is the reference evapotranspiration (mm/day), Rn is the net radiation at the crop surface 
(MJ/m2·day), G is the soil heat flux density (MJ/m2·day), Tmean is the mean temperature (ºC), u2 is 
the wind speed at 2 m height above the ground surface (m/s), es is the saturation vapor pressure 
(kPa), ea is the actual vapor pressure (kPa), Δ is the slope vapor pressure curve (kPa/ºC) and γ is the 
psychrometric constant (kPa/ºC). 

The minimum data requirement for the calculation of the reference evapotranspiration with the 
FAO Penman Monteith method are the mean, the maximum and the minimum temperature, the 
maximum and the minimum relative humidity or the mean relative humidity, the wind speed at 2 m 
height above the ground surface, the net radiation, or the alternatively solar radiation or the actual 
hours of sunshine, the geographical latitude and the height above the sea level of the meteorological 
station. 

In case there are no maximum and minimum relative humidity data available but there are mean 
relative humidity data available, the computational tool is equipped with the appropriate set of 
commands to adapt and continue the calculations. Also, if no net radiation data are available, the 
function calls the sub function “rn_rs”, which derives the net radiation value from the solar 
radiation value. If solar radiation data are also not available, the sub function “rs_n” derives the 
solar radiation data from the daily hours of actual sunshine. In this case, the sub function “rs_n” 
requires values for the constants a and b. The sum a+b is the fraction of extraterrestrial radiation 
reaching the earth on clear days. The user can input those constants manually in the computational 
tool or using a spreadsheet. Finally, the computational tool is capable to adapt to any combination 
of meteorological data availability and that is why it is characterized friendly for the user and 
flexible. 

If some of the required weather data are missing or cannot be calculated, it is recommended to 
use an alternative ETo calculation procedure, requiring only few meteorological parameters. When 
solar radiation data, relative humidity data and/or wind speed data are missing, the ETo can be 
estimated using the Hargreaves - Samani ETo equation (Hargreaves and Samani, 1982; 1985). 

In the Hargreaves-Samani method, the function “harsam” is using the equation: 

( ) ( )o a mean max minET 0.0023 0.408 R T 17.8 T T= ⋅ ⋅ + −  (8) 

where ETo is the reference evapotranspiration (mm/day), Ra is the extraterrestrial radiation 
(MJ/m2/day), Tmean is the mean temperature (ºC), Tmax is the maximum temperature (ºC) and Tmin is 
the minimum temperature (ºC). 

The advantage of the Hargreaves-Samani method is that the only meteorological data required 
are the maximum, the minimum and the mean temperature. Moreover, the extraterrestrial 
radiation’s calculation is based on the geographical latitude. 

The next function called by the master script is the “soilchoice”. This function interacts with the 
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user to register the soil type of the land. The computational tool includes data for 12 soil types 
based on the USDA soil textural triangle (Brady et al., 2008). Then, the function “fcpwp” calculates 
the field capacity and the permanent wilting point for all user selected soil types using the equation 
and parameter table of Van Genuchten (Carsel and Parrish, 1988). The Van Genuchten equation is 
displayed by: 

 
s r

v r mn

θ θθ θ
1 α h


 

 
 

 (9) 

where θν is the soil moisture (cm3/cm3), θr is the residual soil moisture (cm3/cm3), θs is the 
saturation soil moisture (cm3/cm3), a is a constant, h is the potential pressure (cm), n is constant and 
m=1-(1/n). The θs, θr and h values, as well as constants a and n are available in tables. 

According to the Van Genuchten equation, it is possible to calculate the moisture level of each 
soil type that corresponds to the Field Capacity (FC) and the Permanent Wilting Point (PWP). 
These components are essential for the precision irrigation schedule, as they allow the calculation of 
the TAW (Total Available soil Water) and RAW (Readily Available soil Water), which are the two 
main components of the water balance of the root zone. 

The computational tool calls the function “tawcalc” which is used to calculate the total available 
water of the root zone for each selected crop and cultivation day. The function uses the Equation 
(Allen et al., 1998): 

 TAW FC PWP RD   (10) 

where TAW is the total available water in the root zone (mm), FC is the field capacity (cm3/cm3), 
PWP is the permanent wilting point (cm3/cm3) and RD (mm) is the root depth. 

The next function that the computational tool uses, is “rawcalc” which calculates the daily 
readily available water of the root zone for each selected crop and cultivation day based on the 
equation (Allen et al., 1998): 

 cRAW TAW p 0.04 5 ET      (11) 

where RAW (mm) is the readily available water, p is the average fraction of total available soil 
water that can be depleted from the root zone before moisture stress and ETc (mm) is the crop 
evapotranspiration. The database of the computational tool contains depletion fraction values p for 
each type of crop. 

Then, the function “cropchoice” interacts with the user to register the type of the crops. The 
function “dates” then interacts with the user to input the seed dates of each user selected crop and 
transforms the calendar dates in Julian days. The next function called by the master script “kccalc” 
(Kc calculation) calculates the crop coefficient values for each cultivation day using the single crop 
coefficient approach. 

The calculation procedure for crop coefficient consists of: (a) identifying the crop growth stages, 
determining their lengths, and selecting the corresponding crop coefficients Kc ini, Kc mid and Kc end 
from the crop data base or allowing one to give local growth stages and the crop coefficients, (b) 
adjusting the selected Kc coefficients for local climatic conditions and (c) constructing the crop 
coefficient curve and calculating the daily crop coefficients values with linear interpolation. 

After the Kc calculation, the function “etccalc” (ETc calculation) calculates the 
evapotranspiration values for each crop and for each cultivation day from the equation: 

c c oET K ET   (12) 
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In the next step, the master script calls the function “rootdepth” in order to calculate the root 
depth of each crop for any day. The root depth for each selected crop and each cultivation day is 
needed, as it is presented in the equation for the TAW calculation. The function called “rootdepth” 
permits the selection of tree crops and maintains the same value of root depth for the whole 
cultivation season. For the other crops, the root depth is calculated by the equation (Borg and 
Grimes, 1986): 

max
DAPRD RD 0.5 0.5sin 3.03 1.47
DTM

  = + −    
 (13) 

where RD (mm) is the root depth, RDmax (mm) is the maximum root depth, DAP is the day of the 
end of the mid stage and DTM is half of the initial stage plus the cultivation day number. In case the 
root depth has a value less than 100 mm, it is set as 100 mm. For the last stage of the crop, the root 
depth is equal to the maximum root depth. 

Next comes the function “rainchoice”. The computational tool can calculate the effective rainfall 
with two methods: a) the USDA Soil Conservation Service method and b) the curve number method 
(Bos et al., 2009).  

According to the USDA Soil Conservation Service, the total rainfall amount must be higher than 
the threshold to remain in the root zone and is calculated by (Bos et al., 2009): 

( )( ) cm0.00095ET0.824
em tmP f D 1.25P 2.93 10= −  (14) 

where Pem (mm) is the monthly effective rainfall, f(D) is an adjustment function, Ptm (mm) is the 
monthly total rainfall and ETc (mm) is the monthly crop evapotranspiration. 

If the maximum deficit in the root zone D is equal to 75 mm (Bos at al., 2009), the adjustment 
function f(D) takes the value 1. In any other case, the adjustment function f(D) is calculated with 
the Equation:  

( ) 5 2 7 3f D 0.53 0.0116D 8.94 10 D 2.32 10 D− −= + − ⋅ + ⋅  (15) 

where f(D) is an adjustment function and D (mm) is the maximum deficit in the root zone.  
If the monthly rainfall is equal or smaller than the threshold, the effective rainfall is taken as 

zero. The daily effective rainfall values are derived from the monthly rainfall values and calculated 
proportionally. 

As far as the Curve method is concerned, the computational tool contains a matrix-based 
database with all the variables’ values, which are necessary for this method. The users are prompted 
to select, from the database, the land use or cover, the treatment or the practice, the hydrological 
conditions, and the hydrological soil group. This choice is based on the soil type and the crop grown 
in the soil type. The “curvednumber” function, in order to calculate the daily effective rainfall, first 
calculates the potential maximum retention S using the equation: 

25400S 254
CN

= −  (16) 

where S (mm) is the potential maximum retention and CN is the curve number. 
The code then uses the above equation (16) to calculate the accumulated runoff depth: 

( )2
t

t

P 0.2S
Q

P 0.8S
−

=
+

 (17) 
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where Q (mm) is the accumulated runoff depth, Pt is the daily total rainfall (mm) and S (mm) is the 
potential maximum retention that was determined by the above Equation. 

The daily effective rainfall (mm) is calculated using the equation (Bos et al., 2009):  

e tP P Q= −  (18) 

where Pe (mm) is the daily effective rainfall, Pt (mm) is the daily total rainfall and Q (mm) is the 
accumulated runoff depth as it was determined by Equation (17). 

At this point, all the parameters of the water balance on the root zone are calculated. The first 
function called by the master script inside the loop is the function named “curvednumber”, but only 
if the curve number method was selected. Otherwise, it is the function “tawcalc” (total available 
water calculation) that is first called by the master script into the repetition loop. This function 
calculates TAW values on daily basis for each selected crop.  

In the next step, the function “rawcalc” (readily available water calculation) is called. This 
function returns to the master script the RAW values for all selected crops for the whole duration of 
the season (daily step). After that in the computational process, there is the step where the user 
interacts to determine the surface in ha occupied by each soil type and crop. This interaction is done 
by the function called “surface”. 

Finally, the master script calls the function “waterbalance”. This function makes several 
calculations: It returns to the master script the daily values for the threshold (DAW), the soil 
moisture levels, the crop water requirements in mm, the total volume of irrigation water, the 
precision irrigation schedule, the runoff, and the number of irrigations. Once the function 
“waterbalance” fulfills its purpose, the loop closes and starts from the top again.  

3. DEMONSTRATION CASE 

The computational tool that is described above, is applied in a case of fields in order to present 
its capabilities, its functions, the form of its results, its usability and its simplicity. Moreover, the 
scalable tool can manage different soil types and crops and is able to schedule the irrigation 
program of such a complicated agricultural area.  

The meteorological data are provided from the Automatic Weather Station in Northern Greece at 
the University farm of the Aristotle University of Thessaloniki. The application field has an area of 
8 ha and is characterized by two types of soil. For the 4 ha the soil type is silt and for the rest 4 h a 
is loam. In each soil type area, there are 4 crops, each occupying 1 ha. These crops are tomato, 
potato, walnut and cotton. 

The daily meteorological data for the two years (2009 and 2013) are solar radiation, minimum, 
maximum and mean temperature, minimum and maximum relative humidity, wind speed and 
rainfall. 

The reference evapotranspiration is calculated with both methods, namely FAO Penman 
Monteith (P-M) method and Hargreaves-Samani (H-S) method (Figure 3). As it can be observed, 
the H-S slightly overestimates the reference evapotranspiration (Lang et al. 2017). However, this 
method can be used as an alternative equation of ETo in case of limited weather data. The 
computational tool uses the function “twovarplot” to produce any graph. It can be used in any case 
when two series of values need a visual comparison.  

The start of cultivation period is April 30th for tomato and potato, April 20th for cotton and April 
1st for walnut. In Figure 4, the crop coefficient values are presented for the different crops and the 
four crop growth stages using the function “mulcroplot”. It is noted, that this function can be also 
used for the visualization of the total available water (TAW) and the readily available water (RAW) 
data. The function uses as axis limits the minimum and maximum value that can be found in the 
matrices, and then the user can customize the limits of the axis by entering the desired limit. 

The crop evapotranspiration is presented in Figure 5, where in 2013 the ETc is greater than 2009 
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due to weather data for all crops. As expected, walnut has the maximum ETc among all crops due to 
crop coefficient values and the duration of the irrigation period. The irrigation amount of one crop 
is also affected by the soil type. For example, a silt type of soil should be irrigated less than a loam 
type of soil.  

  

Figure 3a. Reference evapotranspiration for year 
2009 

Figure 3b. Reference evapotranspiration for year 
2013 

 

Figure 4. Crop coefficient values for all crops and crop growth stages 

 

Figure 5. Crop evapotranspiration for all crops and calendar years (reference evapotranspiration is calculated with the 
FAO Penman Monteith method).  
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The root depth is estimated according to the equation of Borg and Grimes (1986) and its 
evolution can be exported by the computational tool, as shown in Figure 6. The walnut’s root depth, 
is constant during the whole season, which is typical for perennial crops. 

 

Figure 6. Root depth evolution for all crops.  

The effective rainfall is calculated by the curve number and the hydrological groups for loam and 
silt soil type are considered B (soils having moderate infiltration rates when thoroughly wetted and 
a moderate rate of water transmission: Final infiltration rate 4–8 mm/h) and A (soils having high 
infiltration rates even when thoroughly wetted and a high rate of water transmission. Final 
infiltration rate 8–12 mm/h), respectively. Also, the land use or practice is selected as row crops, the 
treatment or practice is selected as straight row and the hydrological conditions are selected as 
good. The curve number values for the class AMC II is 78 and 67 for loam and silt soil types, 
respectively.  

The computational tool is also equipped with the function “irrplotm”. This function creates a 
precision irrigation scheduling chart per selected crop and soil type (Figure 7). It also displays the 
total volume of water needed for the season for each crop. 

The proposed tool can produce a report that shows the total and daily net irrigation water crop 
requirements and the total and the daily volume of water requirements for each crop soil type and 
calendar year. In Figures 8a and 8b, the case of cotton, loam soil type for 2009 when 
evapotranspiration is calculated with the FAO Penman Monteith method is presented as an 
example. 

In addition, the tool offers more visualization capacities with the function “wendplot”. This 
function creates a plot per selected soil type and displays the soil moisture levels in the root zone for 
all crops cultivated in this soil type. Also, the tool is equipped with the function “wplot” whose 
purpose is to display in one plot per soil type and crop, three outputs: the soil moisture variation, the 
threshold (DAW) and the total available water (TAW). Figures 9a and 9b show an example of the 
charts produced by the function “wplot”, concerning the year 2009 and silt soil type for the crops 
cotton and walnut, respectively when evapotranspiration is calculated with the FAO Penman-
Monteith method. In these figures, it can be easily observed that the tool meets the requirements of 
precision irrigation scheduling, in terms of respecting the DAW and TAW bounds under full 
irrigation conditions as to achieve the maximum yield. 
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Figure 7a. Precision irrigation schedule for loam soil 
type cultivated in 2013  

Figure 7b. Precision irrigation schedule for silt soil type 
cultivated in 2013  

 

 

Figure 8a. Total and daily net irrigation water crop 
requirements for cotton cultivated in loam in 2009. 

Figure 8b. Total and daily volume of water required for 
cotton cultivated in loam in 2009. 

  

Figure 9a. Soil moisture levels, threshold and total 
available water for cotton grown in silt soil type in 2009. 

Figure 9b. Soil moisture levels, threshold and total 
available water for walnut grown in silt soil type in 2009. 

4. CONCLUDING REMARKS 

In this paper, a new computational irrigation scheduling tool, coded in MatLab, is presented and 
demonstrated through an application case. The main feature of the proposed model is its scalability 
as it can be adapted to different soil types, crop patterns, meteorological conditions, irrigation 
systems, and irrigation strategies. The tool is equipped with built-in databases, and a set of functions 
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and modules that can allow the application of the appropriate methodologies according to data 
availability. Furthermore, it offers visualization of the results, with graphs and tables that are 
friendly to the users. All results can be exported as spreadsheets, for post-processing analysis. The 
tool could be used to support decisions for the agricultural water management in climate change 
environment and integrated in precision irrigation scheduling applications. 
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