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Abstract
Accurately estimation of crop evapotranspiration (ETc), as a vital parameter of irrigation
management, is very critical for maximizing the use of limited irrigation water resources. Due to the
complexity of estimating the daily ETc precisely, models are quick, accurate and easy to use.
Therefore, an interactive Irrigation Management model for growing Crops (IMC-Model) was
developed with the purpose of computing daily ETc to provide appropriate information of irrigation
water management. This paper is the first part of a two-part series, where the second one describes
the IMC-Model validating on some oil crops under surface and sub-surface drip irrigation. The IMC-
Model was structured using Visual Basic 2013 language. This model followed the ETo-Kc method
for computing the daily ETc. The ETo was computed by Penman-Monteith equation. Additionally,
the model followed the two Kc approaches (single-Kc and dual-Kc) in order to be appropriate for all
users and agricultural conditions. The model was also verified by two ready-to-use programs
(CropWat-8 and ETo Calculator-3.2) for estimating the ETo, in addition, a spreadsheet named
(FAO56Ax8.xls) introduced in FAO-56 for computing the daily ETc. The obtained results showed
that the ETo calculated using the IMC-Model gave a high agreement among the values obtained from
CropWat-8.0 and ETo Calculator-3.2 programs. In addition, the estimation of daily ETc using the
model gave a high correlation (R2 ≈ 0.99) with those obtained from the FAO-56 spreadsheet.
Conclusion: It can concluded that the IMC-Model is a proper solution for precisely computing ETc
and the other irrigation management parameters.

Keywords: Interactive model, crop evapotranspiration, dual crop coefficient, single crop
coefficient, irrigation management

1. Introduction
Irrigation management is considering a proper solution of world water shortage. Water
shortage over the world frequently occurs as a result of the global climate change and the
increasing intensity of the human activity. The conflict between limited water resources and
increased water demands has become a gradually pressing issue as a result of the rapid
social-economic development and contributing population growth1. As the major consumer
of the limited water, irrigated agriculture consumes closely 70 % of the available water
around the world, particularly in arid and semi-arid areas that are primarily characterized by
natural water resources scarcity and high evaporation2. Therefore, there is a critical need for
proper irrigation management. The most fundamental requirement of irrigation management
is the precise estimation of ETc3. Due to the complexity of estimating the ETc precisely, the
decision-making support systems such as expert systems and models are quick, accurate and
easy to use for effective decision-making support in this domain. Generally, most of the
irrigation management software programs based on soil water balance simulation compute
ETc according to the reference evapotranspiration–crop coefficient (ETo–Kc) method. In this
method, The ETo is computed for a grass or alfalfa as reference crops4. and The Kc is
classified as single crop coefficient (single-Kc) and dual crop coefficient (dual-Kc). The first
one combines both plant transpiration and evaporation from the soil surface, while the other
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estimate the soil evaporation coefficient (Ke) and the basal
crop coefficient (Kcb) separately5. As the fact that the ETo
represents closely all climate effects but the Kc varies
mostly with specific crop characteristics and have relatively
lower effects of climate6. Computing ETc using the single-
Kc approach has provided satisfying results for various
time step calculations, including daily estimation of ETc,
with proper accuracy for many programs. However, the
single-Kc has difficulty in estimating impacts of irrigation
and/or rainfall frequency or the type of irrigation system on
water consumption. These impacts typically become more
vital because of water shortage. The dual-Kc is more
precise and more appropriate for operational programs
where daily estimates of ETc are critical needed by
compared with single-Kc7-9. However, Odhiambo and
Irmak10 mentioned that the dual-Kc approach is uncommon
because it requires a daily water balance of the evaporation
from the soil layer as well as soil water balance at the root
zone. Thus, it requires knowledge about the soil evaporable
characteristics, a few parameters describing the ground
cover, and the energy availability for soil water evaporation
addition to knowledge of irrigation events8. Many studies
report the program of the dual-Kc approach to several crops,
including for cereals, e.g. Liu and Luo11 for the wheat-
maize crop; Tolk and Howell12 for sorghum, Zhao and
Nan13 for maize, and López -Urrea et al.14 for wheat. The
use of the dual-Kc approach become more demanding than
single-Kc approach, which justifies all needs for
implementing a proper model program, however, few
model programs are available8,15. Therefore, an interactive
model named (IMC-Model) was developed to provide an
accurate information about irrigation management
parameters. The IMC-Model is an easy-to-use model which
will be proper for both experienced users and novice as
farmers and support them with decision-making related to
irrigation management easily.

2. Methodology
2.1. The computational formulas
A detailed description of procedures for calculating ETo
and ETc according to dual-Kc and single-Kc approaches
are introduced in FAO-564.

2.1.1. Reference evapotranspiration
The reference evapotranspiration (ETo) was calculated
using the FAO-56 Penman-Monteith equation and the
equations of the aerodynamic and canopy resistance as
following4:

Where ETo = reference evapotranspiration (mm d-1), ∆ = slop of
saturation vapor pressure versus air temperature curve (kPa
℃-1), Rn = net radiation (MJ m-2 d-1), G = soil heat flux (MJ m-2

d-1), = psychometric constant (kPa ℃-1), T = mean daily air
temperature (℃), u2 = mean daily wind speed at 2-m height (m s-
1), (es-ea) = vapor pressure deficit (kPa).

2.1.2. Crop coefficient
The crop coefficient (Kc) is defined by Allen et al.4 as the
ratio of the ETc to the reference ETo and can be calculated
according to the two following approaches (single-Kc and
dual-Kc):

Single crop coefficient
In the single-Kc approach, which combines effects of both
soil evaporation and crop transpiration, the crop
evapotranspiration is estimated by Allen et al.4 as surface is
dry, Ke is small and even zero when no water remains close
to the soil surface for evaporation. The Ke was adjusted as4:

ETc = Kc ETo (2)
Where Kc = single-Kc under standard climatic conditions
(where mean RHmin = 45 %, and u2 at 2-m = 2 m s-1).
According to the recommendation of Allen et al.4, the Kc
should be adjusted for the local climatic conditions (where
RHmin ≠ average 45 % or u2 at 2-m ≠ 2 m s-1). The Kcmid
and Kcend (if Kcend > 0.45) values are adjusted as16:

   
0.3

2 min  0.04 2 0.004 45    (3)
3

adj table
hKc Kc u RH          

Where Kctable = the value of Kcmid or Kcend (if > 0.45), Kcadj
= the value of Kcmid or Kcend adjusted according the local
climatic conditions, u2 = the mean wind speed at 2-m
height during the mid- or late season growing stage
(%%) for 1 m s-1 ≤ u2 ≤ 6 m s-1, RHmin = the mean
minimum relative humidity during mid- or late season
growing stage (m s-1) for 20% ≤ RHmin ≤ 80%, and h = mean
crop height during the mid- or late season growing stage (m)
for 0.1 m
≤ h ≤ 10 m.

Dual crop coefficient
The dual-Kc approach separately estimates the effects of
crop transpiration and the soil evaporation. So, the ETc is
estimated according to Allen et al.4 as:

ETc=Kcb Ke ETo (4)
Where Kcb = the basal crop coefficient under the standard
climatic conditions (mean RHmin = 45 %, and u2 at 2-m = 2
m s-1). The Kcb is defined as the ratio of the ETc to the
ETo when the soil surface is dry, and transpiration is non-
limited by water. Hence, Kcb-ETo represents mainly the
transpiration component of ETc. The value of Kcb,
according to Allen et al.4 and Allen and Pereira16, should
be adjusted for the local climatic conditions (where mean
RHmin ≠ 45 % or u2 at 2-m height ≠ 2 m s-1). The values of
Kcbmid and Kcbend (if Kcbend > 0.45) are adjusted as4:

(5) 
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Where Kcbtable = the value of Kcbmid or Kcbend (if Kcbend >
0.45), Kcbadj = the value of Kcbmid or Kcbend adjusted
according to the local climatic conditions, u2 = the mean
daily wind speed at 2-m height during the mid- or late
season grows stage (%) for 1 m s-1 ≤ u2 ≤ 6 m s-1, RHmin =
the mean daily minimum relative humidity during the mid-
or late season grows stage (m s-1) for 20% ≤ RHmin ≤ 80%,
and h = mean crop height during the mid- or late season
grows stage (m) for 0.1 m ≤ h ≤ 10 m.
The Ke describes the evaporation component of ETc. The
Ke is maximal where the topsoil is wet and where the soil
surface is dry, Ke is small and even zero when no water
remains close to the soil surface for evaporation. The Ke
was adjusted as4:

Ke = Kr ( Kc max Kcb ) fewKc max (6)
Where Kr = the evaporation reduction coefficient
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dependent on the cumulative depth of water evaporated
from the topsoil (-), Kcmax = the maximum value of Kc
following rain or irrigation (-), and few = the fraction of the
soil that is both exposed and wetted (-).

2.1.3. Actual crop evapotranspiration:
The actual ETc under soil water stress can be calculated
following FAO-56 methodology, according to Allen et al.4,
when single-Kc and dual-Kc approaches were employed:

ETa = Ks Kc ETo (7)
ETa = ( Ks Kcb Ke) ETo (8)

Where Ks = the transpiration reduction factor dependent on
available soil water (0 - 1.0). The Ks was introduced to
account for increased evaporation occurring when the soil
surface is wetted by irrigation or rainfall. The Ks is given
by4:

Ks= (TAW Dr) for Dr RAW , Ks 1 when Dr RAW (9)
TAW RAW

Where TAW = the total available soil water in the root
zone (mm), Dr = root zone depletion (mm), RAW = readily
available soil water in the root zone (mm).

2.1.4. Irrigation requirements:
The irrigation requirements (IR) was estimated according
to Keller and Bliesner18 as:

IR = I × (1 + LR) × 4.2 (10)
Ea

Where IR = Irrigation requirements (m3 fed-1), = irrigation
depth that infiltrates the soil (mm), LR = leaching
requirements (-), and Ea = water application efficiency (-).

2.2. Modeling approach:
An interactive model named IMC-Model was coded and
compiled using Microsoft visual basic 2013 language. The
schematic overview showing the key input and output
processes and main computational steps needed for the
model are shown in Fig 1. The following sections outline
how the IMC-Model was built.

2.2.1. Model description:
Graphic user interfaces (GUI) were designed to advance an
easy use for both experienced users and novice as farmers
and supporting them with decision-making related to
irrigation management easily. In addition, a Microsoft
Access 2007 database is created to be connected with the
model. This database provides the model with the climatic
data of the growing site and can restore any data entered by
users for using it again. It can be updated directly from the
model. As shown in Fig 2, the main menu of the IMC-
Model is the central interface of the model from which the
user can access the different interfaces where required data
on soil, crop, climate, and irrigation options are loaded. The
output interfaces display the calculation results using
single-Kc and dual-Kc approaches. The calculation results
are daily values of adjusted crop coefficient, actual crop
evapotranspiration, depth of irrigation, irrigation
requirements, irrigation intervals, and time of irrigation.

Fig. 1: The IMOC.ES application scheme.
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Fig. 2: The main interface of the IMC-Model.

2.2.2. Computational structure
As introduced in FAO-56, the methodology for computing
ETc by IMC-Model followed the ETo-Kc method. The
ETo was calculated according to Penman-Monteith
equation for daily calculation time steps4. Additionally, the
methodology followed the two Kc approaches (single-Kc
and dual-Kc) in order to be appropriate for both all users
and agricultural conditions.

2.3. Model Verification
The IMC-Model was verified by comparing with some

ready-to-use software programs such as CropWat-8
Windows version 8.0, introduced by Smith et al.19, and
ETo-Calculator Windows version 3.2, introduced by FAO20,
for the estimation of daily ETo. The average daily weather
data, which used for estimating ETo at El-Nubaria site
during the verification months, were obtained from Central
Laboratory for Agricultural Climate (CLAC) as shown in
Table 1. The model was also verified using a spreadsheet
introduced in FAO-56 by Allen et al.4 which was
reproduced for applying the dual-Kc approach. Peanut
(Arachis hypogaea L.) had been selected for the
verification purpose of the model. The input data of peanut
which used for estimating dual-Kc and then ETc according
to Allen et al.4 are tabulated in Table 2.

Table 1: Average values of daily weather data at El-Nubaria site during the verification months (CLAC, 2015)

Month Tmax Tmin RHmean u2 Ra P
( C) ( C) (%) (m s-1) (MJ m-2 d-1) (mm)

May 32.5 26.2 59.6 2.2 40.7 0.0
June 35.0 28.7 63.9 2.0 41.2 0.0
July 36.6 31.9 65.3 1.9 40.6 0.2

August 35.1 30.7 65.1 1.6 37.6 0.2
September 32.6 27.8 68.8 1.4 33.0 0.0

Tmax and Tmin: maximum and minimum values of air temperature; RHmean: mean value of relative humidity; u2: wind speed; Ra:
extraterrestrial radiation; and P: precipitation.

Table 2: Input data of peanut for estimating dual-Kc and ETc as a verification step4:

Crop Data Value Unit
Length of initial stage (Linit) 25 day
Length of development stage (Ldev ) 35 day
Length of mid-season stage (Lmid ) 45 day
Length of mid-season stage (Llate ) 25 day
Minimum rooting depth (Zrmin) 0.2 day
Maximum rooting depth (Zrmax ) 0.8 m
Maximum crop height (hmax) 0.4 m
Depletion from root zone (  ) 0.5 -
Basal crop coefficient at initial stage (Kcbinit) 0.15 -
Basal crop coefficient at mid-season stage (Kcbmid ) 1.10 -
Basal crop coefficient at end of late season (Kcbend ) 0.50 -
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3. Results and discussion
The application of the IMC-Model is presented in the
companion paper, which describes the validation of the
model on some oil crops under the surface and sub-surface
drip irrigation for estimating daily actual ETc and the other
irrigation management parameters. The IMC-Model
follows the two crop coefficient (single-Kc and dual-Kc)
approaches for computing the actual ETc in order to be
appreciate for all users and agriculture conditions.
Although most of the available models followed only one
approach for estimating the ETc such as SIMDualKc model,
introduced by Rosa et al.21 and HYDRUS software,
introduced by Šimůnek et al.22, which followed the dual-Kc
approach, unlike, the CropWat-8.0 software, introduced by
Smith et al.19, which followed the single-Kc approach.

3.1. Model Verification for computing ETo:
A comparison was made between the ETo calculated using
IMC-Model program against both CropWat-8.0, introduced
by Smith et al.19, and ETo Calculator-3.2, introduced by
FAO20, in the summer months (May to September, 2014)
according to the weather data collected from the
CLAC at El-Nubaria site as shown in Fig 3.

The results indicated a high agreement among the
values of the three software programs. It is also clear
that the average value of ETo among the verifying
months computed by IMC-Model (6.26 mm d-1) was
in closer agreement with the CropWat-8.0 (6.28 mm
d-1) compared with the Calculator-3.2 program (6.42
mm d-1).

3.2. Model Verification for estimating Kc:
The daily values of dual-Kc computed by the IMC-Model
were compared with those estimated by the FAO-56
spreadsheet named (FAO56Ax8.xls), introduced by Allen
et al.4, as shown in Fig 4. It can be noticed a high
correlation (R2 ≈ 0.99) between the IMC-Model and the
FAO56Ax8.xls spreadsheet.

3.3. Model Verification for estimating ETc:
Fig 5 illustrate the regression plots of the ETc estimated by
dual-Kc approaches using the IMC-Model program and the
FAO56Ax8.xls spreadsheet during the growing season
period for peanut. It can be noticed that the correlation (R2

≈ 0.99) between two programs is higher

Fig. 3: Computation of ETo using the IMC-Model, CropWat-8.0, and ETo Calculator-3.2.

Fig. 4: Computation of dual-Kc using the IMC-Model and FAO-56 spreadsheet for peanut.
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Fig 5: Computation of ETc using the IMC-Model and FAO-56 spreadsheet for peanut according to dual-Kc approach

4. Conclusion
It could be concluded from the results that, the IMC-Model
is a proper solution for precise computing ETc and then the
other irrigation management parameters (Irrigation
requirements, irrigation intervals, and the irrigation time).
The model followed the two Kc approaches (single-Kc and
dual-Kc) besides the Penman-Monteith equation for daily
calculation time steps for computing the daily actual ETc in
order to be appropriate for both all users and agricultural
conditions. The IMC-Model gave also a high agreement
with both CropWat-8.0, ETo-Calculator-3.2, and the FAO-
56 spreadsheet programs among the verifying months.
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