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Development of a Solar Fertigation System for crop management 

using Environmental Forecast Analysis 

 

Abstract 
 
Agriculture technology is developed at a fast speed towards a new era. It has passed the evolution of 
Agriculture 2.0, 3.0 and is undergoing the agriculture 4.0 with advanced technologies for crop, soil 
and environmental optimization. Agriculture 4.0 connected with the help of the internet of things 
(IoT) can manage not only fertigation but also other agronomic techniques. The solar fertigation 
system is a smart fertigation system that integrates both, software and hardware to support the 
decisions of the farmer and capable of translating decisions into actions (e.g., fertilization and 
irrigation management) in an automated mode. The solar fertigation system shifts the manual 
fertigation into an era of automation and artificial intelligence. It collects the environmental data from 
the field, integrates them with the weather forecasts taken from the network and implements the 
correct fertigation solution for the type of the selected crop and the specific growth stage. These 
intelligent decisions of the solar fertigation system are supported by the decision support system 
(DSS) which provides autonomous decisions in all environment conditions. The DSS developed the 
agricultural processes from manual to automatic functions by maximizing productivity and precision. 
Though, the system recorded a few issues in challenging situations, on the basis of which, the study 
is meant to develop the system by addressing those issues. This study presents three objectives: 1) 
development of solar fertigation system database; 2) crop water management using web based 
desktop platform; and 3) reference evapotranspiration assessment for all crops. 
The development of the solar fertigation system was performed by using the latest systems and 
modern applications with some new functions such as a comparison of the two years  real-time 
collected . The solar fertigation system is negatively affected by natural 
hazards, animals, and overall, by wrong uses. After the  development, differences in the data 
acquisition were the main concern. In an agricultural system, different processes perform the same 
work for getting results, while different equipment measure and generate different types of datasets. 
Data are analyzed by using a single platform to make it parallel as a single gauge. The study suggests 
various contributions that include: 

1. Development of the solar fertigation system using the DSS which is based on microservice 
functions and allows agronomists to successfully deliver result-oriented datasets by analyzing 
the crop, and environmental datasets. 

2. Analysis of the RDBMS database (Politecnico di Bari (PoliBa)) followed by the online 
application known as Solar Fertigation was generated. The online application transfers 
particular terminology to the differences in the data where a particular process activates the 
fertigation for crops in the field. 

3. Weather forecast and meteorological data were acquired to estimate the best possible model 
for optimum crop growth and production. The temperature, humidity, UV radiation, air 
pressure, wind speed, and rainfall effects were compared with the crop growth stages from 
the periods 2019-2021 at four different regions in Italy with a mean annual rainfall of 806 mm 
(Campobasso), and 675 mm (Apulia region). High rainfall events affected crop production 
while average rainfall events tend to have a high demand for irrigation water requirement.  

 



  

xxix 

The studies found that present vegetation thickness is found within the ideal range though a more-
better trend for grain production could have been formed. The system developed a particular long-
term strategy, and crop management techniques for short- and long-time economic benefits in 
particular environmental conditions for higher yields and production. 
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Sviluppo di Sistema di un sistema di fertirrigazione solare per la 

gestione delle colture utilizzando l'analisi delle Previsioni Ambientali 

 

Riassunto 
 
 

La tecnologia agricola è sviluppata a una velocità elevata verso una nuova era. Ha superato 
l'evoluzione dell'Agricoltura 2.0, 3.0 e sta subendo l'Agricoltura 4.0 con tecnologie avanzate per 
l'ottimizzazione delle colture, del suolo e dell'ambiente. L'agricoltura 4.0 connessa con l'ausilio 
dell'internet delle cose (IoT) può gestire non solo la fertirrigazione ma anche altre tecniche 
agronomiche. Il sistema di fertirrigazione solare è un sistema di fertirrigazione intelligente che integra 
software e hardware a supporto delle decisioni dell'agricoltore e in grado di tradurre le decisioni in 
azioni (es. fertilizzazione e gestione dell'irrigazione) in modalità automatizzata. Il sistema di 
fertirrigazione solare sposta la fertirrigazione manuale in un'era di automazione e intelligenza 
artificiale. Raccoglie i dati ambientali dal campo, li integra con le previsioni meteorologiche prelevate 
dalla rete e implementa la corretta soluzione di fertirrigazione per il tipo di coltura selezionata e la 
specifica fase di crescita. Queste decisioni intelligenti del sistema di fertirrigazione solare sono 
supportate dal sistema di supporto alle decisioni (DSS) che fornisce decisioni autonome in tutte le 
condizioni ambientali. Il DSS ha sviluppato i processi agricoli dalle funzioni manuali a quelle 
automatiche massimizzando produttività e precisione. Tuttavia, il sistema ha registrato alcuni 
problemi in situazioni difficili, sulla base dei quali lo studio intende sviluppare il sistema affrontando 
tali problemi. Lo studio ha tre obiettivi: 1) sviluppo del database del sistema di fertirrigazione solare; 
2) gestione dell'acqua delle colture tramite piattaforma desktop basata sul web; e 3) valutazione 
dell'evapotraspirazione di riferimento per tutte le colture. 
Lo sviluppo del sistema di fertirrigazione solare è stato eseguito utilizzando i più recenti sistemi e 
applicazioni moderne con alcune nuove funzioni come il confronto dei dati raccolti in tempo reale 
dei due anni con i dati del sistema. Il sistema di fertirrigazione solare risente negativamente dei rischi 
naturali, animali e, in generale, di usi errati. Dopo lo sviluppo del sistema, le differenze 
nell'acquisizione dei dati sono state la preoccupazione principale. In un sistema agricolo, diversi 
processi eseguono lo stesso lavoro per ottenere risultati, mentre diverse apparecchiature misurano e 
generano diversi tipi di set di dati. I dati vengono analizzati utilizzando un'unica piattaforma per 
renderli paralleli come un unico indicatore. Lo studio suggerisce vari contributi che includono: 

1. Sviluppo del sistema di fertirrigazione solare utilizzando il DSS che si basa su funzioni di 
microservizi e consente agli agronomi di fornire con successo set di dati orientati ai risultati 
analizzando la coltura e set di dati ambientali. 

2. E' stata generata l'analisi del database RDBMS (Politecnico di Bari (PoliBa)) seguita 
dall'applicazione online denominata Solar Fertigation. L'applicazione online trasferisce una 
terminologia particolare alle differenze nei dati dove un particolare processo attiva la 
fertirrigazione per le colture in campo. 

3. Sono state acquisite previsioni meteorologiche e dati meteorologici per stimare il miglior 
modello possibile per una crescita e una produzione ottimali delle colture. Gli effetti di 
temperatura, umidità, radiazioni UV, pressione atmosferica, velocità del vento e 
precipitazioni sono stati confrontati con le fasi di crescita delle colture nei periodi 2019-2021 
in quattro diverse regioni italiane con una piovosità media annua di 806 mm (Campobasso) e 
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675 mm (Regione Puglia). Gli eventi di precipitazioni elevate hanno influenzato la produzione 
delle colture, mentre gli eventi piovosi medi tendono ad avere un'elevata domanda di 
fabbisogno di acqua per l'irrigazione. 

 
Gli studi hanno rilevato che l'attuale spessore della vegetazione si trova all'interno dell'intervallo 
ideale, sebbene si sarebbe potuta formare una tendenza migliore per la produzione di grano. Il sistema 
ha sviluppato una particolare strategia a lungo termine e tecniche di gestione delle colture per 
vantaggi economici a breve e lungo termine in particolari condizioni ambientali per rese e produzione 
più elevate. 
  



  

xxxii 

Thesis preface, scope and research activities 
 

The need for agricultural production is growing due to climate change and other factors. It 

must be practiced with more affordable, safer and secure method. This makes it more important to 

evaluate the risks that need to be addressed so that all regions will benefit from innovative changes. 

The fourth agricultural transformation, which is further developing, includes a set of issues and 

solutions from the socio-economic, technological, and management perspective that requires to be 

addressed. However, the literature related to the agriculture 4.0 is limited in respect of its 

technological perspective. It delivers a plethora of systems without delivering metrics that present 

how these systems impact the agricultural system. A clear description of what systems are included 

in the development of agriculture 4.0 needs to be presented. In this regard, this thesis is aimed at 

contributing to the development of Agriculture 4.0. This thesis expands the research on the particular 

features of the solar fertigation system and crop management; contributing to show a novel path to 

agronomists and researchers, in particular in the adoption of solar fertigation, particularly suited for 

areas not served by electricity. 

The present thesis is developed within the National Operative Program (PON) Italy of the 

European Commission to support the innovative industrial doctorate. The program supported 

University of Molise (UNIMOL), Politecnico di Bari (PoliBa) and Superior Institute of Agronomy 

(ISA) Lisbon, and a business partner Asepa Energy s.r.l. (Taranto) in agronomic research and 

innovation, invested in education, and research training for skills training infrastructure, technical 

assistance and development of the solar fertigation system. This thesis shows the best methods for 

plant water requirement and irrigation management by practicing the flexibility in managing the 

irrigation frequency, rate, and duration of irrigation supplies to successfully deliver appropriate water 

and fertilizer inputs to all crops.  

The study has three objectives: 
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1. Development of solar fertigation system database using nine crops: The crop database is a 

compilation of data on the growth, irrigation, and development analysis collected from Food 

and Agricultural Organization (FAO) of the United Nations Land and Water. The analyses of 

the data were performed using validated methods with reference citations. The database 

contains nine crops that may be browsed and accessed based upon user-required information. 

The database supports existing crop growth, irrigation, and development and is of interest to 

agronomists and other researchers. The crop data collected, such as days to complete a crop 

stage, root depth (m), crop coefficient (kc), and crop yield factor (ky), depletion factor (p). 

2. Crop water management using web based desktop platform: This thesis proposes a reliable 

computer based application able to analyses the crop and irrigation needs according to the 

particular environmental climate. The crop data is installed into the application which shows 

the particular irrigation frequency, interval and intensity at the particular time and day of the 

month. Upon reaching to that particular time, the system automatically and intelligently 

provides the irrigation and fertigation to the particular zone of the field which is required. This 

makes the crop growth highly efficient and more convenient to the users. 

3. Reference evapotranspiration assessment for all crops: Reference evapotranspiration (ETo) is 

an important aspect of irrigation water management due to a basic input for assessing the crop 

water requirements. Different models have been developed for ETo assessment but several 

requires the daily meteorological data delivered by weather stations. This thesis assessed the 

two temperature based models, such as Hargreaves Samani (H S) (Hargreaves and Samani 

1985), and Blaney Criddle (B C) (Blaney and Criddle 1950). These models are considered 

as the most suitable and flexible models for the estimation of the ETo in all the environmental 

conditions. The data were collected from seven weather stations, such as Molise region 

(Campobasso East, Campobasso North, Campobasso West and Campobasso South), and 

Apulia region (Montemesola, Castellaneta and Marina di Ginosa). 
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This thesis is further arranged in the following chapters which are as follows: 

Chapter 1 presents the introduction and background of the study Environmental parameters, 

their effects on crops development, soil and relevant parameters and their effect on crop development, 

reference evapotranspiration, crop evapotranspiration and the crops database. 

Chapter 2 presents the DSS design and domain for the assessment of crops and environmental 

parameters. The chapter provides an overview of the system functions and how devices work, in an 

independent and dependent way. It further describes various system architects and their usage 

methods using the internet of things (IoT) approach. Major milestone of this chapter is to highlight 

service stacks for the DSS which operate and develop the functions of solar fertigation system. The 

services stack integrated with the DSS determine various precision agricultural related functions and 

buildup a sophisticated solar fertigation system. 

Chapter 3 presents the results on the development of an agronomic solar fertigation system 

using the DSS, environmental and crop database. This chapter initially presents the functions of the 

solar fertigation system using the agronomic and crop data. Secondly, it introduces the analyzed work 

that are collected and analyzed in a variety of climatic conditions. The chapter also describes how the 

solar fertigation system supports the development of the database for the collection and analysis of 

the crop and environmental data. It further presents the weather forecast data and compare the 

collected data of the official forecast resources and solar fertigation system. The chapter discusses 

vital information related to the crop irrigation needs illustrated in the web based desktop platform 

known as Solar Fertigation. It also shows a new irrigation approach which is considered as an 

intelligent system that irrigate the crops on day-to-day basis. The objective of this chapter is to test 

the intelligent solar fertigation system, and web based Solar Fertigation desktop platform. 

Chapter 4 presents the conclusion of the study and shows how an intelligent solar fertigation 

system is developed for crop optimization and weather forecast data. It delivers conducted research 



  

xxxv 

trends, challenges and problems experienced during this research study, and shows development of 

the system, domain and data collection method with a significant future trend. 

Chapter 5, the final chapter, present the references that supports this study. 

 

 

 



  

1 

 

 

 

Chapter 1 

Introduction 

 

 

 

Water plays a significant role in maintaining agriculture, with food security and production 

responsible for above 90% of the total consumption (Porter et al. 2021; D'Odorico et al. 2018). It is 

more necessary than ever to understand the links between water scarcity, food production, food 

security, and environmental sustainability, especially in a changing world and in the context of global 

warming (Alvino et al. 2021). Accurate analysis of water resources  both in the context of magnitude 

and time is important to understand the water sustainability in agriculture. An accurate understanding 

of agricultural water needs could be utilized to classify those regions where water needs and its 

differences could potentially damage the reliability of food security and production, and for framing 

solutions to encourage sustainable water management. Studies report that better encouragement of 

sustainable water management leads to high food security and production (Porter et al. 2021; Sharma 

et al. 2019). Some studies have showed estimates of annual trends in water needs from crop fields 

(Chiarelli et al. 2020) while others developed sustainable systems that consider multiple crop 

management for high water use efficiency (Porter et al. 2021; Ara et al. 2021). The latter crop-system 
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developmental studies have been typically emerged after the year 2008, delivering a significant 

snapshot of the system developmental phases, crop water needs and water use efficiency. For this 

reason, the aim of this thesis is to develop the decision support system by testing it in different regions 

and climatological conditions, and comparing its data with other. The data collected is available in a 

public domain for public use, comparisons, and analysis of their tests. 

Chapter 1 is further structured in Section 1.1 global water demands. Section 1.2 

Environmental parameters such as solar radiation, wind, humidity, temperature, and rainfall. While, 

Section 1.3 presents the crop parameters such as crop water needs, crop water availability, crop 

nutrient requirements, evapotranspiration, Hargreaves Samani (H S) model, Blaney Criddle (B C) 

model, and Penman Monteith (P M) model. 

1.1. Global water demands 

Agriculture is the major consumer of water in the world (Wallace et al. 2000). This is validated 

in river basins where agriculture experience minimum competition for water from residential or 

industrial sectors due to a smaller population and a lesser degree of industrialization. Such as, 

European irrigation is mostly focused on the Mediterranean, while in few countries about 85 % of the 

total freshwater goes for agricultural purposes (EEA 2009). So far, regular monitoring of water needs 

and utilization for agriculture is not available for Europe, partially due to unrecorded water 

consumption and regional differences in reporting and accounting. Modelling methods can be 

implemented to estimate net irrigation needs (aus der Beek et al. 2010). A study shows that the water 

demands in the United States from the years 1985 to 2010 increased (on average) and the future 

period from 2046 to 2070 will further increase (Brown et al. 2019). However, in China, the 

nationwide agriculture utilized 62.4% of water in 2016 (Ministry of Water Resources of China 2017). 

Canadian agricultural water demands are about 2.95 billion cubic meters for irrigation purposes in 

2018. Agricultural irrigation in Alberta increased by 27% from 2016 to 1.9 billion cubic meters in 
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2018, accounting for more than half of the irrigation supplied to the agricultural sector nationally 

(Statistics Canada 2018). The water used during the crop growing season, which depends on the crop 

type, variety and the time of the growing season is known as crop water needs. Water needs can be 

mapped using meteorological analysis and data on crop management, and the variation between crop 

water needs and rainfall provides the crop water deficit (Myint et al. 2021). A study tested seven 

global hydrological systems supported by climate data reported differences in irrigation water 

demand among regions in the 21st century. Those differences in irrigation water demand simulated 

variations reported small values across Europe (Wada et al. 2013). The studies further report that 

these changes in the irrigation water demand are getting to be increased due to environmental 

parameters that needs to be monitored and addressed within the certain limit of time. For this, the 

study evaluates major characteristics of the environmental parameters in the following section. 

1.2. Environmental parameters 

Crop growth, crop development, and crop yield are connected to environmental factors such 

as climatic condition, soil fertility, topography, and irrigation water quality. Supposing no constraints 

appear from soil condition and farmer and all environmental factors are at optimally available, users 

have to expect the maximum yield from the trials. When one or more factors are not available, it is 

considered a yield gap and a yield reduction appears in the obtained production. Agronomists reduce 

the possibility of these constraints (such as environment, and soil) by performing the zero pollution 

(in air, soil and groundwater) methods to secure the yield in all seasons of the year. It is of vital 

importance to understand the very well the environmental factors affecting crop growth and yield.  

1.2.1. Solar radiation  

Solar radiation affects crop growth in three major features: quantity, quality, and duration 

(Xin et al. 2019). The quantity of energy required to vaporize the available water at soil surface is 

known as the solar radiation. The quantity of radiation that strikes the evaporating surface is known 
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by its position and month of the year. The greater amount of solar radiation is available in summer, 

and the lower in winter. For a certain limit, the higher the sunlight a crop receives, the greater its 

potential for development by photosynthesis conductance. Due to variations in the location of the 

sun, the potential solar radiation variates at different latitudes and in changing seasons. The actual 

radiation striking the evaporative surface is dependent on the turbidity of the environment and the 

clouds presence that reflect and take in high amount of the radiation. When estimating the impact of 

solar energy on evapotranspiration, it is to note that some of the energy is used to vaporize the water 

body. Some of the radiation is used to warm up the environment and the soil surfaces (Allen et al. 

1998). Quality of the light refers to the wavelength of light. Crop plants absorb the red and blue lights 

and have greater effect on crop growth. Both of these lights are responsible for flowering and leaf 

vegetation, respectively. However, duration (or photoperiod) is the quantity of time a crop plant 

experiences the light. Photoperiod maintain flowering in crops. Researchers considered the plants, 

that are mostly dependent on photoperiod, as long-day or short-day (Ma et al. 2021). 

Jones (2013) reported that the radiation effects the crop in four main ways such as: 

a. Thermal effects: Radiation is an important method of energy transfer between plants and the 

environment. It provides the required energy to the plants, while a high amount of this energy 

converts to heat and motivating other important processes such as transpiration, tissue 

temperatures, metabolic processes and the balance between them. 

b. Photosynthesis: A particular amount of the solar radiation absorbed by plants is used to create 

compounds that drive energy-requiring biochemical reactions. These compounds are 

composed of inorganic phosphate and ADP. This support of the energy in solar radiation for 

the photosynthesis process is an important feature of plants and delivers the major input of 

free energy into the environment. 

c. Photo morphogenesis: The quantity, direction, period and spectral distribution of shortwave 

solar radiation provides an important role in regulating the plant growth and development. 
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d. Mutagenesis: Extremely shortwave, very energetic radiation, with the ultraviolet, X- -

radiation have damaging effects on plant cells, specially impacting their genetic structure 

which leads to mutation. 

1.2.2. Air temperature 

The solar energy absorbed into the environment and the heat produced by the surface of the 

earth rise the air temperature. The sensible atmospheric heat transmits the energy to crops and is 

considered a controlling effect on the amount of evapotranspiration. In warm, sunny days the damage 

of water performed by evapotranspiration is higher than in cool and cloudy days. 

Air temperature has to be analyzed in different ways which are as follows: 

Direct effect 

Air temperature directly affect the physiological responses of plants and crops. Global climate 

changes in temperature and rainfall patterns will continue to influence the ecology of agricultural 

system. Temperatures are predicted to rise with larger variations in higher latitudes (Climate Change 

2013), while rainfall pattern changes are predicted to be rather minimum (Climate Change 2013). 

Some countries have already showed a rise in rainfall pattern, while others have reported decreased 

values with changes in the frequency and intensity (Vandandorj et al. 2017). Particularly, as 

temperature and rainfall are not predicted to change in parallel, discerning the ecological responses 

of climate effects will need understanding the effects of high temperature at multiple levels of soil 

moisture or rainfall. 

Indirect effect 

The above direct negative temperature effects on crops are further affected through the 

indirect temperature effects. For example, rising temperature will increase the crop water demands, 
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that leads to the additional crop water stress from additional water pressure deficits, ultimately 

effecting the soil moisture and crop yield (Zhao et al. 2016). However, a developed phenology from 

rising temperatures leads to a decreased growing period and less period of crop water use within a 

growing season. These indirect temperature effects are considered as an important factor, but are not 

optimally quantified. Other indirect temperature effects are regular heat waves and potential 

temperature impact on weeds, pests, and crop diseases (Lesk et al. 2016). Improvements in 

management intensity and yield growth could automatically develop yield sensitivity to the 

environment (Lobell et al. 2014).  

Though climate impact analysis is not convincing to adequately address the effects of changes 

in extreme conditions on crops (Müller et al. 2010), especially the bad effect of high temperature, 

categorized as a major threat to crop production in all regions of the world. Studies modelling the 

effect of heat stress on crop yield have been limited to particular regions (Hawkins et al. 2013) or do 

not determine impacts on crop yield (Gourdji et al. 2013). Moreover, latest studies present only a 

partial analysis of uncertainty related to different climate change projections (Nelson et al. 2010). 

Finally, predicted advantages from CO2 emission effects are a large resource of insecurity (Deryng 

et al. 2014). 

Temperature effects crop processes, such as transpiration, respiration, photosynthesis, 

development, and flowering. Plants behave like poikilothermic organisms which means that they 

adapt to the temperature of the environment in a gradual means. The impact of chemical reactions is 

10 to 30 °C, the reaction rate doubles as the temperature rises from 10 °C (Perniola 2021) (as shown 

in Figure 1.1). 
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Figure 1.1. The non-linear relationship between the temperature and plant growth velocity measured 

on maize as a function of temperature (Lehenbauer) (Perniola 2021). 

During the temperature increase, photosynthesis, respiration and transpiration increase. With 

the combination of the day-length, temperature also influences the change from vegetation to 

reproduction. Depending on the crop type and environment, the influence of temperature can either 

negatively or positively affect the crop plants (Htoo et al. 2021). In general, crops such as spinach, 

radish, and lettuce grow optimally from 13° to 18° C, while crops such as tomato, petunia, and lobelia 

show optimal growth from 18° to 23° C. Low temperatures minimize energy utilization and maximize 

sugar storage. Thus, affecting the crop, such as winter squash, to maximize their sugar content. 

However, stressed temperatures provide the stunted growth and low-quality vegetables. Such as, high 

temperatures provide bitter lettuce plants (Zabel et al. 2021). 

Crops growing in cold environmental conditions need a specific number of days with low 

temperature. Taking note of the days of low temperature is important for its growth and development. 

Crop like Peach requires 700-1,000 hours from 0 to 7 °C into their dormant period and prior to their 

growth initiation. Lily plants require 45 days of about 0.5 °C before the blooming period (Horsáková 

et al. 2016). 

1.2.3. Relative humidity 

The ratio of water vapor available in the air to the quantity of water the air could hold at the 

present pressure and temperature is known as the relative humidity (RH). Hot air can hold a higher 
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amount of water vapor than cold air. The empirical method of determining the RH (Alexandris et al. 

2003) is as follows: 

 RH (%) = __Water in air__ 
                Water air could hold 

1.1 

 

The values of RH are determined in percent. Water vapor transfers from high relative 

humidity to low relative humidity levels. The higher the difference in humidity, the faster water 

transfers. This parameter is significant because the amount of water transfer directly influences the 

plant's transpiration level. The relative humidity is available close to leaf cells and contributes in its 

growth. During the stomatal opening, water vapor of the leaf rushes out into the nearby atmosphere, 

and a higher amount of humidity creates around the leaf stoma. By saturating this particular air zone, 

it minimizes the difference in relative humidity between the air gaps of the stoma and the air close to 

the leaf area (Liu et al. 2021). Ultimately, it influences the rate of transpiration. When the fast air 

blows, the humidity decreases and the rate of transpiration increases. Therefore, the rate of 

transpiration is higher in hot and windy environments. Alternatively, the rate of transpiration is slow 

in cool and non-windy environmental conditions. Dry and hot conditions usually occur during the 

summer, which influence the plants and wilt quickly. With an interrupted supply of water to the roots 

and the leaves, turgor pressure decreases and leaves start to wilt. 

1.2.4. Wind speed 

The progression of vapor extraction from the leaf surface is highly dependent on wind and air 

turbulence which transmit big amount of air at the evaporating leaf. During the vaporization process, 

the air above the leaf surface start to saturates with water vapor. In case the air is not regularly 

exchanged with drier air, the force for water vapor extraction and the rate of evapotranspiration 

decreases. 
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Figure 1.2. Impact of wind-speed on evapotranspiration in humid-warm and hot-dry environmental 

climates (Allen et al. 1998). 

The mutual effect of climatic factors for two different climatic conditions influencing 

evapotranspiration as shown in Figure 1.2. The evapotranspiration requirement is high in hot-dry 

environment due to the dryness of the air and the quantity of energy available as radiation. In this 

situation, a high amount of water vapor is stored in the air and the wind forces the water to shift 

allowing a specific amount of water vapor to be taken up. However, in humid environments, the air 

humidity and the clouds cause the evapotranspiration to be lower. The influence on 

evapotranspiration of maximizing wind speeds for the two environments is shown (Figure 1.2). The 

drier the environment, the higher the effect on ET and the higher the curve slope. For humid 

environments, the wind just replaces saturated air with less-saturated air which exclude the heat 

energy. Ultimately, the wind speed influences the rate of evapotranspiration with a lesser extent than 

under arid environments where minor differences in wind speed result in greater differences in the 

rate of evapotranspiration. 

1.2.5. Rainfall 

Precipitation water is the significant resource of water supply to the crops If combined with 

irrigation, this could provide significant good results depending on the condition and considering the 

fact that availability of water more than the required can harm. In new irrigation projects, for instance 

to assess the probable amount of rain (e.g., 3 years out of 5 years) that might fall in the study area, in 
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order to calculate the volume of a large water resource such as dam, canal, river or water extraction 

bodies. It is important to define a drainage network on the basis of the probable rainfall. 

Rainfall is not always useful at the time, quantity in which it is acquired. A particular quantity 

of rainfall may be unavoidably wasted whereas some may even be damaging. Likewise, to the total 

rainfall differences, so does the effect of the rainfall. The primary resource of water for agricultural 

production for most of the world is rainfall. Three main characteristics of rainfall are its amount, 

frequency and intensity, the values of which vary from place to place, day to day, month to month 

and also year to year. Precise knowledge of these three main characteristics is essential for planning 

its full utilization. Information of the amount, intensity and distribution of monthly or annual rainfall 

for the most important places in the world is generally available. Long-term records of daily rainfall 

have been compiled for years; norms and standard deviations have been worked out; floods and 

droughts have been defined and climatic zones of potential evapotranspiration less precipitation have 

been mapped from rainfall patterns and crop studies. Investigations using electronic computers are 

continuously in progress and efforts are being made to predict future trends in order to refine 

planning. 

Rainfall distribution over the year is also an important and convincing factor for crop growth. 

Uneven distribution minimizes the extent of crop growth while an even spread maximizes it. A good 

distribution of rainfall in normal showers is highly conducive to crop growth than heavy showers. 

Such as, yearly rainfall is lesser than 100 mm in the desert countries of the Middle East, so it may be 

effective for crop growth. In Pakistan and India, the frequency, intensity, and amount are high from 

June to August and thus the effect on crop growth is low. However, from November to April, most 

of the rainfall is considered to have a good effect on crop growth and production. 

If the crops need water, both the irrigation and rainfall should be provided to the crops so that 

the crop water requirement satisfies the needs of the crops in a given situation. If anyone has to be 



  

11 

added with the second, this is known as secondment irrigation which completes the needs of the crops 

to grow. When rainfall initiates, the water droplets are absorbed by the soil in various shapes which 

also decides the structure of the soil, and in this way part of the rainfall water droplets (ranging from 

1-4.5 mm in size) can be used by the root zone of the crops and others escapes in different shapes 

such as leaching, drainage, and (Brouwer et al. 1986). With a highly efficient water management 

strategy, surface run-off could be managed successfully. Only additional water is removed by surface 

drainage, deep percolation or by sub-surface drainage (Figure 1.3). For a particular field, run-off is 

assessed by computing the formulae established for different environments, as shown in USDA Field 

Manual for Research in Agricultural Hydrology (Brakensiek et al. 1979). 

 
Figure 1.3. It shows that the deep percolation takes part in escaping the water content received from 

the rainfall, whereas the runoff is high in amount. In windy/stormy season, the runoff and deep 

percolation reveals different values depending on the region and rainfall amount received at the soil 

surface (Brouwer and Heibloem 1986). 

The water that is disposed-off in the shape of deep percolation or run-off stores in some other 

resource of the nature and could be utilized in any other usage or part of it is absorbed by the soil 

which remains stored for longer time and in a fresh form. The plant's root zone can easily utilize and 

uptake the water for its growth, nourishment and further development. Part of the water content that 

is utilized by the crops and soil is effective rainfall, which is different in every region of the world 

depending on its climate, rainfall yearly durations, soil structure and texture, root-zone depth, and 

variety of planting factors. 
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In many regions of the world, especially in developing and least developing regions, there is 

a lack of a system due to which heavy rainfall creates huge devastation and affects plants in the shape 

of high runoff and drainage or floods. In the special case scenario and especially in mountainous 

regions, the soil passed with the floods (or heavy rainfall) is not able to absorb any further water 

content, part of it drains off (or run-off) over the soil surface but part of it goes deep into the soil 

where deep percolation initiates and the plants root-zone are better to uptake it. This process could 

affect the water table into the soil to rise up which is easily available for the plants and other nature 

(Brouwer et al. 1986). 

1.2.5.1. Factors affecting effective rainfall 

Effective rainfall depends on different factors in which the primary factors include the climate 

and its linked variables, crops development stage and characteristics, and soil texture and structure 

may affect either alone (lower effects) or all in a collective form (higher effects) impacting the value 

of effective rainfall (Dastane 1978). 

Table 1.1. Different components which impact the effective rainfall in a high and low volume with 

their dependent features (Allen et al. 1998). 

Affecting factor(s) Dependent feature(s) 
Crop Crop development stage, crop rotation, degree of ground cover, and crops root-zone depth 
Land Level of land-slope, and topography 
Water Temperature, suspended materials, clay turbidity, viscosity level, and dissolved salts such as 

Na+, NO3
- 

Soil Texture, structure, level of organic matter, salt quantity, and bulk density 
Management 
approaches to maintain 
soil quality 

Tillage, soil conditioners, levelling degree, and field layout such as bunding, terracing, 
ridging 

 

Crop and effective rainfall 

Effective rainfall is directly proportional to the amount of water uptake by the crop. Crop 

parameters effect the rate of water uptake are the degree of crop cover, rooting depth and crop stage. 

Evapotranspiration is usually high in vegetative and the flowering period and thus may deteriorate 



  

13 

the maturity. Soil moisture preserved in deep layers are used when roots penetrate into them. Deep-

rooted crops are considered to increase the proportion of effective rainfall in a particular area; thus, 

the nature of the crop is a vital factor in determining the effective rainfall. Rainfall just prior to harvest 

is considered highly ineffective for most crops. Rainfall which degrades the yield production must be 

managed as its ineffective. The crop is a vital factor in interpreting the basic information for effective 

rainfall. Therefore, the seasonal requirements of major crops in a particular area are taken into 

consideration when the extent of effective rainfall is evaluated (Dastane 1978). 

Land structure and texture 

The land composed of slopes and hills are not considered to absorb a higher rate of rainfall so 

that it could reach to the ground water-table or up taken by the root-zone where there is a higher 

opportunity for run-off, but has a higher chance to absorb a maximum amount of water-content 

received from rainfall at the levelled and successive land where there is a maximum chance for deep-

percolation, and seepage. The hills, mountains, flat land/slopes, play-grounds, roads, agriculture or 

buildings have some major contributions in affecting the effective rainfall. 

Water-table levels 

Water shifts upwards in the soil layers is known as capillary rise, thus minimizing the moisture 

deficit and the rate of effective rainfall. The levels of water tables variate at each season. Prior to the 

rainfall, the water table may be deep; during the rainy season and that can rise to the soil surface. 

Capillary rise supports these horizontal flows in the sub-soil. Due to these variations, the division of 

soil water to the crop needs is variable and the rate of effective rainfall differentiates (Dastane 1978). 

After the rainfall, the rainwater changes its characteristics in many other forms, especially after 

striking at the earth. These special characteristics further mix with the different types of salts present 

in soil including the sodium or nitrates, viscosity, temperature, turbidity, or whether they are offered 

directly or indirectly at the soil surface. All of these physical, chemical characteristics and other 
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attributes of rainwater content and soil governs the level of effective rainfall in the particular soil 

(Alvino et al. 2021). 

A study conducted to collect data on the effect of a water-table in maize crop grown in 

irrigated and rain fed conditions. The data illustrated that crop production decreased as the depth of 

the water-table increased while this change being faster in rain fed than in irrigated conditions. Grain 

moisture substance and seed weight showed a linear response to the water-table depth. The height of 

the plants and leaf senescence showed low values as water-table depth increased (Alvino et al. 1986). 

Soil factors 

Fraction of the rainfall is affected by the soil moisture retention level whereas infiltration rate 

of the rainfall is affected by the soil properties of the given region. The water holding capacity plays 

a crucial role for increasing or decreasing the level of effective rainfall and it also equates the fraction 

for the effective rainfall at any given circumstance after the rainfall. Water holding capacity of the 

soil depends on the soil structure, organic matter content, texture, depth. The water holding capacity 

is directly proportional to the soil texture. The water content present in different soils at different 

regions is completely different due to the reason that if the soil has more depth, it will have much 

more concentration of effective rainfall, which ranges from 10 mm meter-1 (sandy soils) to 100 mm 

meter-1 (for clayey soils). Other factors depending on the effective rainfall are the infiltration rates 

and hydraulic conductivity; if these are higher, there will be a high amount of effective rainfall with 

low runoff levels. Soil moisture content also affects the effective rainfall in the way that if its higher, 

the infiltration rate will be minimum as well as the surface runoff will be higher which will decline 

the level of the effective rainfall. 

After the irrigation, if the rainfall occurs, the water is lost in the form of surface run-off and 

could not be used by the soil, plants and could be stored, as the initial stage of the soil moisture level 

regulates the effective rainfall amount in a significant manner. In the regions where there is a high 
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quantity of rainfall with irrigation water availability has shown the low level of effective rainfall 

where those regions where there is integration among the both, has been noted to be having a higher 

concentration of effective rainfall. 

1.2.6. Soil parameters 

The soil evaporation procedure strictly depends on the hydraulic connectivity of the soil 

saturated zone and the surface (Maxwell et al. 2016). Gardner et al. (1958) analyzed the stable 

evaporation from a water surface in laboratory conditions, estimating the rising liquid movement 

which is based on the Buckingham-Darcy hypothesis. The study further presents soil types and then 

soil water potential in the below sections. 

Soil is a natural structure consists of solids (organic matter and minerals), liquid, and gas that 

develop on the surface of earth, requires space, and is categorized by either one or both, layers or 

horizons, that are different from the initial product by the losses, transfers, additions, and alterations 

of matter and energy, or the capacity to be an important resource for plants in a natural atmosphere 

(Soil Survey Staff 1999). The soil composition is distinguished into 6 primary types. They are clay, 

sand, peat, chalk, silt, and loam. The wide adoption of clays is increased due to their significant 

features such as natural occurrence, less costs, and compatibility (Sabouri et al. 2020). Clay is made 

of silicate, alumina and other ion-balanced particles in its layers such as nano-layers. These Nano-

layers are known as aluminum (Al), magnesium (Mg), zinc (Zn), iron (Fe), and calcium (Ca) 

(Murugesan et al. 2020). Sand is made of granular substance which consists of fine pieces of rock 

and mineral substances. Sand has different structures but is described by its particle size. Sand 

particles are lesser in size than gravel and rougher than silt substance. Peat is called as turf which is 

the preservation of partly decomposed organic or vegetation substance (Hugron et al. 2013). The 

peatland ecology ranges from 3.0 to 3.7 million square kilometer (McGrath 2020). Chalk is a white, 

porous, soft carbonate substance. It is composed of limestone of the inorganic calcite and initially 
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formed under the ocean by the compression process of small plankton structures that settled at the 

sea floor. Loam is considered a soil which is composed of sand particles (with size greater than 63 

micrometers), silt particles (with size greater than 2 micrometers), and a little quantity of clay 

particles (with size greater than 2 micrometers) (Kaufmann and Cutler 2008). 

1.2.7. Soil water potential 

Soil water potential is estimated as potential energy at per unit amount of water, comparative 

to the reference water potential. As soil water has different forces in the form of soil particles through 

which water is absorbed into the soil, potential energy varies from point-to-point, and thus the 

potential energy is different too (Horrocks and Vallentine 1999). This could be described in an 

empirical approach as below: 

 Soil Water Potential = Force × Distance = mgl = pw Vg l (Nm) 1.2 
 

Water flows from greater potential towards lower potential. This justifies the second law of 

thermodynamics, as energy drifts along the incline of the intensive parameter. Water transfers from 

a high energy zone to a low energy zone till the particular zone reach the equilibrium (Figure 1.4). 

For instance, in condition when soil water potential reaches to -50 kPa, water move to the additional 

negative 150 kPa (in total will be -100 kPa) to become highly stable (Campbell et al. 2021). 
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Figure 1.4. Presentation of the water movement from a higher tensed energy position to a lower 

tensed energy position (Campbell et al. 2021). 

Water moves through soil and roots, through the xylem tissues of leaves evaporate the water 

moisture in the sub stomatal opening of the leaf. The driving force for this water movement is the 

gradient. So, the leaf water potential should be lower than the soil water potential for the water to 

flow. For example, when the soil is at -0.2 MPa and the roots are slightly more negative at -0.4 MPa. 

Sin this particular case, the roots will pull-up the water from the soil which will move up through the 

xylem and evaporate through the leave stomatal tissues. While the atmosphere, at -100 MPa, is a 

strong driving factor of this gradient (Campbell et al. 2021). 

1.2.8. Total available water (TAW) 

Total available water designates the ability of a soil to hold water against the gravitational 

forces. Water holding capacity refers to the amount of water held in the soil against gravity, or the 

total volume of water in the soil at field capacity.  The amount of water that is available into a well-

drained soil and which could contain a specific level of water against the gravitational forces is known 

as field capacity. If water is not provided, the root zone is dried and resultantly the crop water demand 

increases which impacts yield, productivity as well as root zone of the soil. Crop plants continuously 

require soil water for their growth and development but at a certain stage the time comes where the 

water is held tight to the soil particles (in some cases much far), making it very tough for the crop 

plants to utilize. At some point, the crop plants can no longer utilize the water due to any reason 

ultimately impacting the crop plants and the start of the wilting point initiates. The water content 

stage where crop plants wilt (permanently) is known as the wilting point (Allen et al. 1998). 

The water level when maximizes the soil field capacity, it cannot be further stored into the 

soil and cannot hold against the gravitational forces which ultimately drains out, and water level when 

appears low than the wilting point it cannot be used by crop plants due to many factors, so the total 
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available water (root zone) can be computed as the difference between the water level at the field 

capacity of the given soil and crop wilting point of that specific day (Allen et al. 1998): 

 TAW = 1000 FC WP) × Zr 1.3 

whereas 

TAW = Total available soil water in the root zone (mm) 

FC = Water content at field capacity (m3 m-3) 

WP = Water content at wilting point (m3 m-3) 

Zr = Rooting depth (m). 

1.2.9. Readily available water (RAW) 

Readily available water (RAW) depends on two factors, such as Taw and the plant factor. The 

fact is the water is available in the soil until wilting point approaches which impact plants roots due 

to which the crop plants are not able to uptake the water for their growth and development. Though 

the soil full of moisture constitutes enough water to be uptake by the crop plants and further utilized 

by them where ETc is simply equal to the water uptake. In the condition, where the soil water content 

is limited into the given soil, the water molecules are strictly adhered to the soil layers which is 

difficult for the plants to be utilized. In some cases, the soil water content becomes extremely short 

and hits the threshold. In this specific scenario, the soil cannot transport the water content to its 

adjacent soil articles, also roots could not function to uptake the water content which ultimately 

maximizes the transpiration demand of the crop plants and later on the stress factors initiates which 

could seriously damage the crop plants development and growth. Somehow, the fraction of total 

available water (TAW) in soil which the crop plants can uptake besides the crop root-zone is known 
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as readily available water in the condition if the crop plants do not experience any stress factor (Allen 

et al. 1998): 

 RAW = p × TAW 1.4 

whereas 

RAW = Readily available soil water in the root zone (mm) 

p = Average fraction of Total Available Soil Water (TAW) that can be depleted from the root zone 

before moisture stress (reduction in evapotranspiration) occurs (0 - 1) 

Table 1.2 shows values for the no stress factor, p. The p-value is different in each crop which 

depends on the region to region, atmosphere and other conditions too, which starts from the shallow 

rooted plants with value (0.30) and reaches to the value (0.70) for deep root plants. The high rates of 

ETc are considered as (> 8 mm d-1) while that of the low rates of ETc is considered as (< 3 mm d-1) 

depends on the region and atmosphere. Though the p-value (0.50) is generally used for the crops 

which have missing crops data (Allen et al. 1998). 

Table 1.2. Presentation of the rooting depth (Zr), and depletion factor (p-value) under no-stress 

condition for different crops. The table reports particular list of crops which were considered for 

trials. The FAO Manual 56 (Allen et al. 1998) reports the complete list of crops (Allen et al. 1998). 

Crop(s) Root depth (m) Depletion factor p-value 
Citrus (Citrus sinensis and Citrus limon) 0.8 1.1 0.50 
Olive (Olea europaea) 1.2 1.7 0.65 
Soybean (Glycine max) 0.6 0.7 0.50 
Potato (Solanum tuberosum) 0.4 0.6 0.35 
Cabbage (Brassica oleracea var. capitata) 0.4 0.5 0.35 
Onion (Allium cepa) 0.3 0.6 0.30 
Pepper (Capsicum annuum) 0.5 1.0 0.30 
Tomato (Lycopersicon esculentum) 0.7 1.5 0.40 
Watermelon (Citrullus lanatus) 0.8 1.5 0.40 
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The p-

c values, the given p-values are greater than the ETc high 

rates. In the scenario where there is a low ETc, the p-value should be higher as 20% more as given 

values (Allen et al. 1998). 

 
Figure 1.5. Depletion factors (p-values) at different evapotranspiration conditions (mm day-1) (Allen 

et al. 1998).  

Table 1.3. Determination of readily available water and total available water for a healthy onion, 

tomato and maize crop. The soil structure is assumed as the loamy sand, silt and silty-clay soils (Allen 

et al. 1998). 

Crops Root depth (Zr) p-factor  
Onion 0.4 0.30  
Tomato 0.8 0.40  
Maize 1.2 0.55  
Loamy sand FC (m3 m-3) WP (m3 m-3)  
 0.15 0.06  
Silt 0.32 0.15  
Silt clay 0.35 0.23  
 Loamy Sand Silt Silt Clay 
 Taw Raw Taw Raw Taw Raw 
Onion 36 11 68 20 48 14 
Tomato 72 29 136 54 96 38 
Maize 108 59 204 112 144 79 

 

To estimate the resistance of crops to water stress in the fraction (p) of Taw is not completely 

established. The values of root water collected is majorly affected by the energy scale of the soil 
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potential in the form of the hydraulic conductivity. So, soil matric potential is one of the factors with 

different soil water contents to affect the value of p which is a function of the soil type. 

1.3. Crop parameters 

The study has parametrized the discussion on crop coefficient (kc), crop water stress 

coefficient (ks), crop water requirements, crop nutrient requirements, various crops assessment, 

reference evapotranspiration (ETo), and crop evapotranspiration (ETc). The detail of each of the 

parameter is given as below. 

1.3.1. Crop water needs 

Crops need water for evaporation and transpiration. The plant roots absorb moisture from the 

soil for their growth. The major portion of this water does not stay in the plant, but evaporates to the 

atmosphere in the form of vapor through the leaves and stem, and is known as transpiration. The high 

rate of transpiration occurs in the day time. Water from an exposed water resource evaporates in the 

form of vapor to the atmosphere during the day time. This also occurs to water on the leaves and stem 

of a plant and the soil surface, and is known as evaporation (Li et al. 2021). The crop water needs 

therefore are composed of evaporation and transpiration, that are combined in one word, 

evapotranspiration. The crop water need is generally estimated in mm day-1, mm month-1 or mm 

season-1 in technical studies. For example, the crop water need of a particular crop in a hot and dry 

region is 2 mm day-1. This means that every day the crop will be provided a water layer of 2 mm over 

the complete field on which the crop is cultivated. It is not considered that this 2 mm has to definitely 

be provided by irrigation or rain in the season. It is, for sure, yet likely to provide, for example, 5 mm 

of irrigation water each 7 days. The irrigation water provided will then be preserved by crops in the 

root zone and steadily be utilized by the crops: each day 2 mm (Keck et al. 2021). If the crops are not 

provided the optimum water needs, their coefficient is disturbed which is discussed in the following 

section. 
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1.3.2. Crop water requirements 

The water content available in the soil are needed by crops to address water-loss occurred 

through ETc, and is known as crop water requirement of the given crops. This scenario must satisfy 

the condition including a uniform crop which actively grows, shades completely at the soil surface, 

disease free with soil conditions must be provided favorable (Doorenbos et al. 1996). The crops 

depend on several factors to reaches its complete developmental stage under the given climate, which 

are: 

a. Climate: Crops transpire more water in hot and sunny seasons and there is a higher demand 

for soil water moisture at the root-zone of the crops. 

b. Crop type: Crops water requirement also depends on different types such as rice, cotton, 

sugarcane, and wheat have high demand of water and moisture levels. 

c. Crop growth stage: Crops have different water-content demands in different growth stages 

such as before the maturity, most crops have high water requirement demand. 

Study performed by Augustin et al. (2015) on maize crops for the parameters such as crop 

water requirements, and crops yield at water stress by CROPWAT and GIS at optimal irrigation 

schedules in the summer season. It revealed the crop water requirements from 30.7 (mm) month-1 to 

the 200.8 (mm) month-1 from April till September in 2015. The ETo was recorded from 0.47 (mm) 

to 3.08 (mm), while the water-content requirement at the given season was 833.4 (mm). The field 

capacity at the given tested terrain was recorded 70% under the favorable weather conditions, whereas 

performing the fixed intervals at each stage experienced a significant yield reduction of 2.5% in the 

given crops. 

Water requirements for each crop type, crop development stage, soil structure/texture, and 

weather conditions are different at each zone of the region and continuously changes as the weather 

and condition changes (Steduto et al. 2012). Other factors that affect the crop yield production are 
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the experimentation trials and their setup according to the region, these parameters govern the 

quantity of irrigation turns and application stages, and net crop water requirements for the given crops 

at the tested field (India Agro Net 2018). 

1.3.3. Crop nutrient requirements 

Alongside with the water availability, the nutrients such as nitrogen, phosphorus, and 

potassium are also required by the crops for their better growth and significant yield production. 

These majorly required nutrients may be mixed with some plant residues, organic manures, and must 

be provided in the form of inorganic fertilizers. Local and regional guidelines also provide the crop 

nutrient requirement database for different crops assessed through the environmental (such as soil 

characteristics), crop factors (crop growth stage, and variety), and weather conditions and applied in 

the tests accordingly to adapt new paradigms, novel metrics should be brought forward and developed 

to better communicate changes in crop nutrient requirements. While there are few robust 

measurements for crop nutrient requirements (e.g., bulk density and pH), the way is needed to reliably 

estimate the crop biological processes. However, estimating crop nutrient requirements may be costly 

and complex to translate into management suggestions (Regents of the University of California, 

2020). 

The primary nutrients required by the crops are N, P, and K and are taken by the crops into 

the form of NO3
- and NH4+, H2PO4

-, HPO42
- and PO43

-, and K+, respectively. Whereas the secondary 

nutrients including Ca, Mg, and S are consumed by the crops in the form of Ca2+, Mg2+, and SO42
-. 

The other nutrients called Micronutrients also required by the crops such as B, Cl, Cu, Fe, Mn, Mo, 

Ni, and Zn in the form of BO33
-, Cl-, Cu+, Cu2+, Fe3+, Mn2+, MoO42

-, Ni2+, and Zn2
+. 

1.3.3.1. Primary nutrients 

Nitrogen (N) 
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The crops utilize Nitrogen in an abundant quantity, depending on the climate, crop and soil 

due to its value and more presence in the soil surface. If the crop experiences a lack of Nitrogen due 

to indirect availability of the N in soil surface as it happens in many regions of the world, the crops 

will show retarded poor plant growth, chlorotic leaves and becomes yellow or pale-green due to 

inability of making sufficient chlorophyll. In many soils, the availability of N could not be possible 

to crops as they are available in the form of bacteria, soil organic matter, and plant residues. In the 

case of soil microorganisms, they perform mineralization and utilize their food to ultimately convert 

-zone. Not available as a direct nutrient, but the 

soil particles get nourished in a long-term process and further aids the crops root-zone in the form of 

Mineral-N in NH4+ (ammonium) and NO3
- (nitrate) forms. 

Phosphorous (P) 

The crops utilize Phosphorus from the soil organic matter and considered as one of the second-

major nutrients and the lack of which causes declined fruit yield, leaves premature senescence, poor 

boll retention (cotton), dark green leaves, delayed flowering, stunted crop growth, and lower grain 

quantity. The crops utilize the phosphorus in the form of inorganic phosphates as P is abundantly 

available in the soil in different forms. The different soil microorganisms present into the soil convert 

the P into the form of inorganic phosphates to be available to crops for their better growth and 

production which is present in lower quantity, while when added through fertilizer, manure and 

compost directly immobilizes into the soil system. This inorganic phosphate available for the crops 

in soil is mixed up into the soil particles and then transformed towards the crops root-zone. 

Potassium (K) 

The crops need potassium in a good quantity for their better production in various forms such 

as in the form of soil solution and exchangeable potassium available in a very minute fraction in soil. 

K deficiency creates problems in crops such as chlorosis between leaf-veins, purple spots on leaf 
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undersides, leaf tips curling, brown scorching, seed and fruit development, root development, plant 

growth. The K present in the form of soil solution as well as the exchangeable potassium are 

considered as unstable in the soil and is not tightly held within the soil while the mineral K is 

considered a stable form which is available in soil for a longer duration of time. 

Secondary nutrients 

The secondary nutrients such as calcium (Ca), magnesium (Mg), and sulfur (S) are used by 

the crops as equally as the primary nutrients in many different forms but in a very lower quantity. In 

many soils, the adequate amount of secondary nutrients is available in soil but are not strictly adhered 

to the soil particles. Lack of these secondary nutrients initially affect older leaves and cause deficient 

leaf growth, color loss in leaf veins, leaf tips progress inward, leaf tips sticking together, crop stunting, 

slow root development, reduced photosynthesis, roots develop dark color and ultimately crops die. 

Micronutrients 

Micronutrient deficiencies create serious crop production problems and highly affect their 

yields. Micronutrients such as boron (B), chlorine (Cl), copper (Cu), iron (Fe), manganese (Mn), 

molybdenum (Mo), nickel (Ni), and zinc (Zn) are needed by the crops in such as lower fraction but 

are supposed to be a significant contribution in their growth, development and yielding capacity. The 

micronutrient such as B aid in metabolic regulation and it lack causes bud dieback, Cl develops the 

ionic balance within the crops leaves such as photosynthesis, Cu aids in Vitamin-A, and lacking 

causes leaf yellowing and browning of leaf tips, Fe makes the chlorophyll synthesis in leaves provides 

chlorosis, Mn depends on soil pH whereas it hydrates the chlorophyll developing enzymes and lack 

of Mn creates yellowing materials between leaf veins. Crops use Mo in nitrogen fixation and 

minimize nitrates to convert them into usable forms. Ni develops the urease which is then converted 

into the urea for their basic usage in growth and development, while Zn creates crops leaves 
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chlorophyll and develops other enzymes too, while its deficiency creates the short crop growth and, 

in some cases, longer duration of the growth season and ultimately the crop dies. 

1.3.4. Evapotranspiration 

Evapotranspiration is measured using the weather parameters such as temperature, solar 

radiation, wind speed and humidity. Multiple empirical methods estimate the evapotranspiration 

which showed good results. Some methods compute ETc and ETo are listed in Table 1.4 along with 

the relevant factors. However, due to a diverse set of weather changes, none of the methods perfectly 

suits all situations. Many other methods are developed that need a set of data related to weather which 

is not easily available. The following table (Table 1.4) shows a list of methods to measure ETo and 

ETc and compares these methods. The Table 1.4 reported by Dastane (1978) considers the main 

physical parameters driving ET (e.g., solar radiation, air humidity and temperature and wind) and 

explain the measurement methods of each parameter. 

Table 1.4. Comparison of different formulas to evaluate crop evapotranspiration (ETc) presented in 

different regions of the world (Dastane 1978). 

Equation(s) 
developed 

Considered variables (+) Measured 
factor(s) 
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Blaney Morin 
USA (1942) 

+ +  +      +    ETc 

Lowry-Johnson 
USA (1942) 

+           +  ET grass 
field of 
entire 
growing 
season 

Thornthwaite 
USA (1943) 

+    +       +  ETc with 
enough 
available 
moisture  

Penman UK 
(1948) 

+ +  + + + +   +    ETo / ETc 

Blaney Criddle 
USA (1950) 

+   +      +    CU crop 
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Thornthwaite-
Mather USA 
(1955) 

+    +      + + + ETc with 
soil water 
balance 
factors 

Hargreaves 
USA (1956) 

+ +  +      +    Eo or ETc 

McIlroy 
Australia 
(1961) 

+ + + + + + +   +    ETc 

Olivier UK 
(1961) 

+ + +  + +     +  + Basic crop 
and land 
water 
requirements 

Christianson 
USA (1966) 

+ +   + + +     +  ETc 

ET = Evapotranspiration 
CU = Consumptive use of water 
Eo = Evaporation from U.S. Class A pan from an open field of grass 

Evapotranspiration is the total amount of transpiration from plant leaves and evaporation from 

the soil surface. The rate of evapotranspiration is managed by three parameters such as crop 

characteristics, degree of crop cover and growth stage; moisture availability in the soil; and weather 

parameters which fluctuate the evaporative demand. Potential evapotranspiration (ETp) occurs in the 

conditions when the soil water is unlimited and the crop is in an active growth stage with complete 

ground cover; the rate of ETp for the crop type is then majorly governed by the weather conditions. 

Actual evapotranspiration (ETa) is also known as consumptive water use, and is the actual amount of 

water lost during crop production by transpiration by crops and by evaporation from soil surface 

(Dastane et al. 1978). 

The values of ETa can reach ETp depending on the weather conditions. It is complex 

procedure to determine ETa than ETp due to multiple factors. The ETa can be estimated directly by 

periodic soil analysis and oven-drying; differences in soil moisture by the crop growth are followed 

and soil layer depletions. The ETp can be estimated from the weather factors such as temperature, 

wind, humidity, and solar radiation, Multiple empirical equations to estimate the ETp are available. 

Some equations compute both, ETp and also ETa including all the parameters. None of the empirical 

equations is perfectly aligned to compute all the required parameters. Some methods are developed 

that elaborate a set of weather data; however, the data is not available in all conditions. Excessive 
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costs of operations and installation of equipment, time consumption and the particular crop type make 

it difficult to apply and use these empirical equations in daily agricultural processes (Dastane et al. 

1978). 

This thesis provides a simple overview of the significant models to estimate 

evapotranspiration (the models are analyzed for results acquisition in Chapter 3) which is as follows: 

1) Hargreaves Samani (H S) model; 2) Blaney Criddle (B C) model; and 3) Penman Monteith (P

M) model. 

1.3.4.1. Hargreaves Samani (H S) model 

To compare the performance of ET temperature methods, Allen et al. (1998) reported that 

ETo can be determined by using the empirical Hargreaves Samani (H S) model (Hargreaves and 

Samani 1985) for estimating the PM-ETo values, which also include using data from local weather 

station (Allen 1997). Multiple ET temperature determining methods are then omitted  and ultimately 

are not measured in any study, including the ET estimation using the Thornthwaite (1948) model, 

that majorly underestimates the grass ETo unlike to the PM-ETo (Allen et al. 1994). In both these 

methods, the least data required includes Tmax and Tmin. The latter method for estimating the PM-ETo 

using the Tmax and Tmin is known as Penman Monteith (P M) model. Both the HS and PM models 

are widely adopted in research comparatively to the use of local meteorological data. 

Based on a complex analysis of the literature and applications of the HS model, Hargreaves 

and Allen (2003) stated that remeasuring the coefficients and exponents of the HS model simply 

increase the complexion of the empirical method. The HS model is generally preferred from other 

highly complicated methods as it is reasonably suitable and needs simply minimum and maximum 

air temperatures (Hargreaves and Allen 2003). It is of importance in zones where air humidity, solar 

radiation, and wind velocity data are not available or with poor quality, while the minimum and 

maximum air temperatures are provided in most of weather stations and agro-climatic conditions 
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since air temperature can be calibrated with minimum errors and by less experienced experts than the 

other needed climate factors used in the equations. 

The HS model (Hargreaves et al. 1985) needs only acquired Tmin and Tmax values for 

estimating the ETo (mm day ) which is followed as: 

 ET = 0.0023 × (Tave + 17.8) × (Tmax  Tmin)0.5 × Ra 1.5 
 

where Ra is known as the extraterrestrial radiation, Tave is the average temperature acquired, 

Tmax is the maximum temperature and Tmin is the minimum temperature collected during the during 

the observation (Samani 2004). 

1.3.4.2. Blaney Criddle (B C) model 

In the conditions where the data of pan evaporation is not available at local scale, an empirical 

model, such as the Blaney Criddle (B C) model (Blaney and Criddle 1950) is used to estimate the 

reference evapotranspiration (ETo). There are multiple empirical models to estimate the ETo. Most 

of them have been considered and calibrated on local scale. If these local empirical models are 

available, they could be tested. In the condition where these local empirical models are not available, 

the general empirical models could be utilized. The generally used empirical models are the modified 

Penman model, as described in next paragraph. This model is considered as a little technical but 

highly efficient. The Blaney Criddle method is rather simple and can be used by putting the acquired 

data on temperature only. However, this model is not highly efficient and delivers a generic 

estimation into the study. Particularly, under extreme environments the Blaney Criddle model shows 

inaccurate values: in dry, windy, and sunny areas, the ETo is underestimated about 60%, while in 

calm, clouded and humid areas, the ETo is overestimated about 40%. The empirical model of Blaney

Criddle is shown as: 

 ETo = p × (0.457 × Tmean + 8.128) 1.6 
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where ETo is the reference evapotranspiration (mm day-1), Tmean is the mean daily temperature 

(°C), and p is the mean daily percentage of daytime hours. 

1.3.4.3. Penman Monteith (P M) model 

The FAO Penman Monteith (P M) model is considered as the sole ETo model for estimating 

the reference evapotranspiration. The modified Penman model is now considered to provide the best 

results with least possible error in conditions of a healthy grass reference crop. The solar radiation 

method is suggested for regions where available weather data include calibrated sunshine, air 

temperature, cloudiness, or solar radiation, but not calibrated air humidity and wind speed. The 

modified Penman model is frequently used to overestimate ETo for about 20% low evaporative 

environmental conditions. The other FAO recommended empirical models (as aforementioned) 

provided different values of reference crop evapotranspiration when estimating the standards of 

healthy grass. The FAO P M model provides the evapotranspiration of the reference soil surface can 

be unambiguously estimated, and this model provides consistent ETo results in all climates and 

regions. 

Using the original P M empirical model, the aerodynamic equations and surface resistance 

equations, the FAO P M model to estimate ETo is derived as: 

  __900__ u2 (es  ea) 
                 T+273 

 
1.7 

              2)  
 

whereas 

ETo = reference evapotranspiration (mm day-1) 

Rn = net radiation at the crop surface (MJ m-2 day-1) 

ETo = 
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G = soil heat flux density (MJ m-2 day-1) 

T = mean daily air temperature at 2 m height (°C) 

u2 = wind speed at 2m height (m s-1) 

es = saturation Vapor pressure (kPa) 

ea = actual Vapor pressure (kPa) 

es - ea = saturation Vapor pressure deficit (kPa) 

D = slope of Vapor pressure curve (kPa °C-1) 

°C-1) 

The model uses standard climatological records of temperature, solar radiation, humidity and 

wind speed. To validate the estimation, the weather data is collected at 2 m above the available surface 

of the green grass, that shades the ground and does not lack water. No temperature-based model is 

considered to provide perfect evapotranspiration data under all the climatic regions due to reliability 

in the equation and errors in data management. It is possible that precision agronomic technology 

under suitable climatic conditions may show the FAO P M model to differentiate from the times 

from the actual data of ETo. However, the FAO commission has considered to use the hypothetical 

reference model as the FAO P M model to compute the grass ETo when expressing and deriving the 

crop coefficients. 
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Chapter 2 

Decision Support System Design and 

Domain 

 

 

 

Decision support system (DSS) is an integrated IT platform for gathering data (crop, soil and 

weather) in real-time via sensors and scouting tools. These data are stored in a cloud and interpret by 

running the advanced models, and then used to provide information, alarms and support for decision 

making processes at different levels (researchers, agronomists, farmers, industries etc.). Farm data 

are entered into the database in order to generate a real-time flow of up-to-date information between 

the crop, the DSS and the user. Such a system is the perfect tool for traceability of agricultural 

products and for filling in country logbooks. It is the perfect tool for taking appropriate decisions in 

the current and future agriculture, characterized by increasing complexity.  

Valecce et al. (2019) developed the DSS used in the present thesis. The application has been 

developed by PoliBa, University of Molise (UNIMOL) and Asepa Energy s.r.l. (Taranto, Italy). This 

team developed the DSS which present evident beneficial aspects, however, there are two challenges 

that are faced by the system during its development such as: 
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The first challenge is related to extreme weather conditions, which besides the crop, may 

damage sensors (crop, soil, and climatic ones). Eventually, the damaged WSN system needs to be 

repaired, fixed or replaced. Other sensor equipment should have the similar features and operating 

system as the previous one which consumes time, effort and technical knowledge. In real world 

situation, these types of requirements are not always fulfilled. Due to which the scenario creates more 

technical problems for the technical experts to work with the DSS. The DSS needs to be developed 

for the agricultural system, as agricultural system is based on a seasonal performance that is relevant 

to the food growing and harvesting cycles. During or after the crop growing seasons, growers manage 

their field and crops in new ways so that to be prepared for the upcoming crop growing season. These 

developments also include to manage the DSS in accordance to crops and field requirements by 

updating their operating systems, applications and sensor equipment. The logical command approach 

of the DSS, in this upgrade shows an error on how development of the DSS operating system, 

application, and sensors equipment would be conducted with having similar functions in the DSS. 

While the second challenge is the interoperability of the system. Agriculture field activities 

are a set of different processes that needs to be analyzed in a continuous pattern. Eventually, DSS is 

composed of specific sensor and applications that provide various calculations, and analyze them 

using advanced statistical approaches in field conditions. Such as, an environmental sensor calculates 

the air humidity, air speed, solar radiation, and other factor data, analyze the data and intelligently 

decide whether or not and how much to irrigate. A soil WSN sensor collect data for the soil moisture 

in each 2 minutes and automatically decide the irrigation quantity required for the crops at the specific 

environmental condition and field. All these WSN sensor equipment transfer the collected data to the 

installed DSS that assures the inter-operational activities in between the sensor devices and the DSS. 

These inter-operational activities produce a set of significant data produced by the DSS which could 

be utilized to take future based intelligent and timely decisions. 
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Chapter 2 shows an innovative methodology based on the services stack of the DSS which 

work on the aforementioned requirements. The Section 2.1 describes the situational background as 

well as the data life-period of the DSS, while in the Section 2.2 it is reported the reasons for working 

with the stack of service based on DSS. Section 2.3 discusses two important databases NoSQL 

delivery is Section 2.4 which shows message queue telemetry transport (MQTT), as the protocol 

dedicated to DSS, and defines the procedure to analyze the MQTT. Finally, Section 2.5 presents the 

summary of the Chapter 2. 

2.1. Data life-period of the system 

The system collects the data and deliver commands accordingly based on that data. It is 

considered as a vital factor of the DSS. For data management in agricultural systems, data is defined 

a particular set of information that acknowledge the situational characterization by specifying 

different  (Abowd et al. 1999). Tho an object, place, or person 

or any other thing is directly or i . Whereas, a factor must be specified 

for the given data into the system for the command function as "different sets of objects responsible 

for different functions, and the provided data that help to implement the required task of the field" 

(Sun et al. 2016). Wh a linear relationship between two variables, one 

dependen  (Bendadouche et al. 2012). There are two types of mediums which 

are, advanced-level and basic-level medium. The advanced-level medium consists of qualitative 

information while the basic-level medium consists of quantitative information collected by different 

IoT devices. Qualitative information is a data that analyze the object  status like plant health or data 

collection speed. Quantitative information is considered as the binary digits or digital structure that 

are indirectly relevant to an object and are not concerned about the status of the object. 

An example for understanding the terms, object and medium, is given for a potential analysis. 

Under a particular environmental condition, a software program received the collected data from field 
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conditions using the wireless sensor network (WSN) field-soil sensors. Thus, the data is transferred 

to the DSS through the WIFI upon the commands of the DSS about the maize crop needs water. In 

this particular environmental condition, the maize crops are considered as an object which is direct 

related to the whole system. The system has to decide when or not to provide the irrigation, which 

depends on the maize crop, soil and environmental factors. The soil is considered as the second object 

in connection to the system in this situation. Analysis of the WSN field-soil sensor shows that the 

soil-moisture is at 123 cbar scale which is considered as a basic-level medium for maize crop plant 

(depending on the environment). The software application determines the basic-level medium and 

upgrade it into an advanced-level medium for soil moisture improvement using the reasoning method. 

The generated advanced-level medium consists of new measurements based on the previous analysis. 

The previous analysis is taken away from the basic-level medium to avoid any potential problems. 

The new analysis shows as soil moisture availability is low. This low factor is the status of the object 

soil. Finally, a third analysis shows that the object plant requires water, upon a command the irrigation 

is activated. 

The data life-period of events related to the DSS model is shown in Figure 2.1. This intelligent 

DSS works in various stages such as data collection, management, analysis, and functional stage. 

These stages further consisted of particular methods that successfully implement the practical work 

done by the system. They work in a series of functions such as their major role is to collect the data 

from resources, manage the data through their set parameters, and finally evaluate results out of that 

data. The presented figure (particularly the left side command factors) show data processed for inter- 

and intra-stages in the DSS model. The intra-stage of the data is the data that is related to the 

advanced-level and basic-level medium. The inter-stage data and a system-external (such as external 

data resources or devices) are known to be as information or data. 



  

36 

 
Figure 2.1. The data life-time of different events into an online application of the intelligent DSS 

model. 

2.1.1. Data Collection 

A description of the data collection and its methods directly from the WSN devices (or other 

resources) installed at the field locations is provided. Other resources are considered as those 

platforms are supported by the Internet with no direct relation with the DSS model. The study shows 

data management applications which are considered to support the system, for example a WSN-based 

sensing network supported by various other devices. These devices are known to provide transparent 

resource data collected from field points. Transparent resource data is particularly utilized for the 

processing methods for to support system applications. 

2.1.2. Management 

Data management is a process in which the information is organized in a systematic way into 

the system. The data organization is backed by the storage data domain. The input resources are 

provided as transparent resource data in data collection stage. The information into the system 

preserves the collected data, known as input data, for a longer time with original quality. The system 

in this stage provides low level medium. 
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2.1.3. Analysis 

After data management, the data requires to be analyzed and transform it into the into the 

advanced-level medium with logical reasons. The analysis and transformation are recognized by 

methods which includes fusion, aggregation, and reasoning. Here the basic-level medium is provided 

as an input from the previous stage for further processing. While the output is provided in the shape 

of advanced-level medium needed by the system applications. 

2.1.4. Functions 

A stage where developments related to system utilization of advanced-level medium received 

after analyzing the data. This is used to run different applications. Three sub-functions are developed 

in this stage such as action, orientation, and distribution. These three functions provide an output 

based on data, physical action, and information. 

2.2. System design 

Developing the system design is a vital process in developing a system. This is considered as 

a prototype to develop a particular system. Agronomists and system designers prefer a design for the 

DSS which satisfy their research objectives and required results. System design could be broken down 

in four types which are considered to be potentially functional and sustainable in field conditions. 

They are design concept, composition, applications, and system. 

2.2.1. Design concept 

Design concept is the processes and concepts to design a particular function-based system. 

Agronomists and system designers have multiple choices to manage and create specific computer 

software and hardware for their trials with the aim that could justify the limits of the design concept. 

Micro-service (data transferring), and service-oriented architecture (particular function-based 

application) are the examples of this process. 
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2.2.2. Composition 

Composition consists different sets of sections. These sections provide support in specific 

function. During the test period, each section provides particular data followed by a specific 

organization commanded by the composition. Agronomists and system designers have different 

options in deciding the software and hardware applications until it justify the properties of sections.  

2.2.3. Applications 

It consists of different software and hardware running devices that are connected with the 

main system. The detail consists of a blueprint information delivered by the software and hardware 

applications, based on which researchers and agronomists decide the trend of conducting the research 

such as DIMMER, Agri-IoT and others. 

2.2.4. System 

The system provides configuration setup based on software and hardware devices. 

Agronomists and system designers test and manage the system in a given environmental condition. 

A brief structure of a design method is followed with the specific procedure as: design concept, 

composition, application, and system. Following this procedure, a design method of a system is 

considered to significant development with modern and sophisticated structure to function and 

automatically deliver results. The study proposes a design method for DSS with a particular research 

objective that is feasible in all locations and with every type of system device. 

2.3. Comparison of NoSQL and RDBMS database 

The database system was managed by the engineering team of the PoliBa at different locations 

of test fields (Valecce et al. 2019). They made it sure that the system properly transfer data to the 

database and the database process it for further verification. Two databases were compared to provide 

an overview about the state-of-the-art of the research. Relational database management system 

(RDBMS) is utilized due to their efficiency in storing and querying features of large quantity of crop 



  

39 

data. While, the conductivity of the RDBMS is considered to be negatively impacted by the various 

needs and requirements to be fully transactional in a consist way, however those such properties are 

recognized as atomicity, consistency, isolation and durability (ACID) which guarantees a system. On 

the other hand, non-relational database, known as NoSQL, are developed to support just what is 

identified as eventual consist feature to further advance the performance and scalability. An 

evaluation between the conductance of both, RDBMSs and NoSQL database technologies, were 

presented by Stonebraker et al. (2010). In this comparison test, a relaxed consist feature was utilized 

in the relational organization to depress the overhead scheme. This overhead scheme was earlier 

presented to be divided in an even order in between four structures of the RDBMS (with using the 

locking, latching, logging, and buffer management) (Harizopoulos et al. 2008). Though, the 

conductance related to system querying and data persistence has showed a potential to develop by 

using a simpler consistency system which is not tested in an efficient way for crop management. 

RDBMS database are completing their four decades in supporting and developing the 

traditional simple query language, keywords, and indexing techniques. Though, few modern NoSQL 

databases were developed for similar query languages, keywords, and indexing utilization so that to 

acquire the evolution of the RDBMS database (PoliBa research project partner). These databases are 

also called as SQL-like language query databases. Moreover, related to their SQL-like features, they 

particularly develop new indexing strategies. The objective of the aforementioned database is to 

describe a particular standard for the result output of major queries at historical crop and 

environmental data collected, particularly from the sender system. In addition, the system is focused 

on exploring the effects of different indexing structures and query output techniques between various 

consistency stages with two relational databases (SQL) and two non-relational (NoSQL) databases 

to scale analysis and providing loading results of persistent schemes. The trials were composed of 

database search engine such as two main RDBMS systems (PoliBa). 
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There are many factors that are considered to affect the result output of querying, analyzing, 

and loading the persistent logs such as: 1) indexing techniques, for example first and second index 

utilization, 2) relax consistent data, and 3) data equivalency at different nodes, for example auto, or 

manual-shading. 

The result output of the trials was a standard such as major queries for analyzing and accessing 

the crop and environmental persisted data. The features of such queries are as: major search, selection, 

range and aggregation application. The dissertation provides a valuable discussion on the standard 

applied to the previously discussed systems. 

2.3.1. Background 

This section presents the importance of the database managing system for crop database 

applications and the condition of a persisting log scheme based on crop management from crop and 

environmental real-time field data. In addition, it presents indexing techniques, database transactions, 

partitioning (sharing), and consisting stages. Lastly, the changes in relational (SQL) database and 

non-relational (NoSQL) database that automatically leads to modern NoSQL databases such as Redis 

(Redis) and Cassandra (Cassandra), and two main relational DBMS are compared on their functions, 

features and parameters required.  

2.3.2. Reasons on database organization 

A database is known as the collection of particular data in an organized form. Some 

researchers have utilized the term database to denote to database system, while many others have 

mentioned it as group of particular information that is deposited at database (Beynon-Davies et al. 

2003). These particular databases are responsible for taking care of the complete dataset and their 

structure, storage, and are known as database managing systems (DBMS). DBMS communicate with 

various computer systems, user applications, and other DBMS systems to serve large data 

management and collection. DBMS are presently protected using different groups such as relational 

DBMS that support structural query language (SQL or SQL Database), and non-relational DBMS 



  

41 

that support not-only structured query languages (NoSQL) (NoSQL Databases). Irrespective of the 

changes of these two methods, every application in all regions of the world agree on their significance. 

A standard of result-output between these modern DBMS systems were discussed in this dissertation. 

2.3.3. Conditions for application 

As discussed in previous section, the study was conducted to investigate and compare a single 

modern MongoDB, NoSQL databases, with two relational database systems. The study evaluated 

further two modern NoSQL databases, commercial relational database system and a modern type 

open-source relational DBMS system. Due to which, the study presented same datasets and 

applications that were utilized previously. The applications are composed of real-time persisting 

scheme data within commercial fields in which manual labor was transformed into mechanical under 

a monitored and controlled setup. Due to which, each sensor of the mechanical system studies the 

values of each factor such as temperature, pressure, and other significant values. These values are 

then efficiently transferred into storage system to make sure an optimum performance of large values 

active in both, writing and retrieving schemes. Database systems for these applications have a group 

such as table, particularly known as measures. These measures are composed of mechanical factors 

denoted by (s), sensor denoted by (m), initial time-lapse of reading values denoted by (bt), final time-

lapse of reading values denoted by (et), and calculated values denoted by (mv). In this table group, it 

also consists of a composite key that present three major columns (sensor, machine, and initial time-

lapse of reading values). With this style, the signs such as (s, m, bt, et, and mv) are able to receive 

data related to persisting schemes from large calculations of mechanical sensors. 

This large set of data schemes are activated in a bulk form in two modern databases such as 

Cassandra and Redis, and two other DBMS systems. Upon successfully finishing the loading 

procedure, there created a different output of main queries for evaluating the persisted schemes. The 

features of queries are basic search, selection, and aggregation. 
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2.3.4. Execution 

Execution is one of the major functions of a database to preserve the collected data. Execution 

is composed of different functions to accomplish other database functions, which includes to perform 

all of the functions or neither of them. The function of a single execution is performed in a proper 

sequence and upon its completion, the updates are provided and implemented into the database 

system. This execution could also be rolled-back in particular conditions, which undo all the 

performed functions of the execution, and is known as atomicity. Atomicity is one of the features of 

ACID which makes sure that not a single feature of the database execution is left unperformed with 

an inconsistent sequence. By making sure the execution, researchers and agronomists perform their 

updates in a single execution with no issues in consistency management. Consistency management is 

one of the features of the DBMS execution which guarantees the data availability, and validity of 

system rules in the database which help in keeping the database in a consistent shape. 

Researchers and agronomists, in a consistent database system, read/write the data in 

comparable databases, that run executions, while, every execution has to be conducted once at each 

time and no execution has to provide any impact on the other. For example, if two executions are 

performed in a same way with similar values, and if they modify values from the initial execution 

prior to the second execution with same values, the result outcome of these executions will be 

affected. This character of locking is known as isolation and is also based on ACID. Though, few 

applications perform just a single execution at once, and will provide less efficient results. The results 

outcome of the execution, in this condition, will present that the database has to guarantee the 

durability of the executions in a way that perform updated tasks in hard conditions. While, this feature 

is considered to be recover the crash report of the system (Gray 1981). 

2.4. Message queue telemetry transport (MQTT) 

In 1999, message queue telemetry transport (MQTT) protocol was surfaced for the first time 

by Andy Stanford Clack (IBM) and Arlen Nipper (Eurotech). In 2013, it was recognized at OASIS 
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(Locke 2013). This protocol supports to provide a connection for embedded, networks and 

middleware systems. Moreover, the protocol provides an easy resource to develop new schemes 

(Boyd et al. 2014). The MQTT was developed based on the TCP scheme. MQTT presents several 

types such as MQTT-SN, and MQTT v3.1 (Locke 2013). The MQTT-SN protocol provide sensor 

specific services and suggest UDP-based evaluation of MQTT. The MQTT presents several features 

such as (Boyd et al. 2014): 

1. Provide high connection points for more devices 

2. Provide options of optimized connectivity for remote and sensing equipment 

3. Provide relevant analysis 

4. Provide management and sequential arrangement of the data 

The MQTT presents telemetry system to deliver data hurdles related to a diverse set of users. 

The telemetry system provides analysis and other evaluation in a remote setting. The advancement in 

the system paved its way to interconnect all analysis at the same platform and control other systems, 

making it more efficient in result output and cost with high benefits (Lampkin et al. 2012). The 

telemetric system provide support on remote devices to researchers and agronomists for smart system 

interactions. The data is important for making decisions by the agronomists, such as crop sensors at 

the particular time of the day, after collecting the environmental parameters, calculates the exact 

amount of irrigation need to crops. The data is collected by different sensors installed in the field. 

Upon accomplishing all the hurdles in using the data protocols for data communication, results could 

be made available. A hurdle starts after collection of the data using sensors and delivering it to users 

and third-party resources that need the result. The intensity of this hurdle depends on the geographical 

distribution, resource potentials, and user availability (Boyd et al. 2014). 

The MQTT is composed of subscribers, brokers, and publishers. The subscriber is benefited 

when the communication is made and the data is communicated to the subscriber. When it is 

published, the data is transferred to the required user (Stanford-Clark 2013). The MQTT also provide 
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an optimum messaging protocol service supporting the M2M and IoT communicating layers based 

on limited energy, low-cost, and small memory system for small bandwidth communication systems 

(Al-Fuqaha et al. 2015). 

The MQTT protocol establishes the communication of publisher and user and the user with 

the subscriber in a proper sequence. This proper sequence let the user, publisher and subscriber to 

understand the transferred data. For initial communication, a connect message is transferred from the 

client, subscriber or publisher, to the server, broker, for communicating between each other, the server 

then sends the Connack message as a response of it. For completing this communication, the publisher 

transfers a Disconnect message. Three quality of services (QoS) support the initializing, management, 

and completing (Locke 2010) of this communication process such as, 1) QoS-0, 2) QoS-1, and 3) 

QoS-2. 

QoS-0 is the process in which the data is transferred with best resource using the IP/TCP 

layer. In this process, the response is not guaranteed. The data is either able to reach or not to the 

server, while the sender transfers a Publish message for further communication. 

QoS-1 is the process in which the communication is occurred in a default mode (Locke 2010). 

The data is received by the receiver so that the data delivery is guaranteed. Under certain conditions 

of losing the data, the communication is validated for any leak point, and the data is sent after a 

specific period of time. In this way, there is a collection of messages that is present with the recipient. 

The sender system using QoS-1 process transfer a Publish message that consists of message 

identification codes. The Publish message achieve a phase of unrecognition until the sender obtains 

the Puback message from the receiver (Locke 2010). Upon the message removal from the sender, the 

receiver transfers an acknowledgment towards the sender. Both sender and receiver systems remove 

the received data following proper a procedure. 

QoS-2 is a rather established process where a secure layer is used with no loss or disordered 

messages are received. In this process, a large set of communication takes place as the QoS-2 support 
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to send data with the best quality of service. In this process, the data is assured that a message is 

received after the receiver acknowledgement. The Publish message in this process consists of two 

steps. First, it is considered as a recognized process after the sender receiving the Pubrec message. 

The sender system is considered to send a Pubrel message and wait for the receiving system. Second, 

the Pubrel message is considered as recognized after the Pubcomp message received by the receiver 

(Locke 2010). 

2.5. Summary 

Chapter 2 shows the stack of facilitation for DSS. Stack of facilitation is an application that 

support the medium life cycle of DSS. This application is based on the micro-service design principle 

of sixteen facilities. The stack of facilitation for DSS highly upgrade the system functions due to the 

focus on particular goal. Researchers and agronomists are provided with multiple options to 

change/replace/upgrade/install new software applications and/or hardware components for better 

results. The aforementioned considerations and a unique approach highlight that the Chapter 2 

provides the necessary resources in developing the DSS. A huge gap is observed in analyzing the 

crop, soil and environmental aspects using the integration of DSS, and remote sensing systems. 

Literature findings showed that very little work is available which is not up to the mark. This can 

potentially upgrade the crop vegetation, yield and production sustainability by connecting skies with 

the soil using the IoT-based WSN networks. This could be a new direction for agronomists and bio-

system engineers in their potential research. 

Chapter 2 further present features and functions of the MQTT, a modern communication 

protocol dedicated to RDBMS database. This database system present storage, receiving and sending 

communication features based on the different types of computations such as calculation, 

aggregation, and subtraction and a variety of information including calculated information, 

aggregated information, and deducted information. The chapter presents other methods that evaluate 

computational process, for example features and characters of interest. This chapter provide features 
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of databases to develop common evaluating regulations. MQTT protocol utilizes modern database 

systems such as NoSQL/RDBMS. Upon clearing different trials, the protocol is available for user 

interface, and the domain developers update and manage the domains by analyzing the relevant 

GitHub trend. Chapter 2 is concluded in analyzing the available challenges for DSS interoperability. 

Though, few points need to clarify and must be investigated such as; 

1. The available version of the MQTT system provides optimum method for better 

communication upon calculating, aggregating, and subtracting the information. The system 

then correlates the calculated information, aggregate, and subtract it for further processing. 

While, processing within the subtracting and actuating, the correlation from subtracting the 

information from actuators provides an active status. This type of feature shows significant 

results within the DSS system. 

2. The database systems are not able to show new features related to the DSS, for example 

coordinates and networks of the DSS. This should be included in future works for the MQTT 

development. 

3. MQTT is a protocol that address problems related to the diverse nature of DSS data. This 

protocol is a common framework DSS systems. However, the features and characteristics 

presented some gap which needs to be filled up in relation to swift data description in 

particular conditions. Such as, for an intelligent field system it is required to have particular 

soil-moisture data communication, whereas an intelligent irrigation system requires the 

particular data for crop drought analysis. 
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Chapter 3 presents the development of the solar fertigation system, its functions and data 

utilization. This chapter is divided into three sections. The first section, Section 3.1 shows the solar 

fertigation structure, integrated with the photovoltaic panels, desktop web-based platform and mobile 

application, and installation into the fields. The second section, Section 3.2 shows the reference 

evapotranspiration in relation to the important DSS for irrigation on the market. Section 3.3 shows 

the irrigation management for the estimation of daily crop evapotranspiration (ETc rainfall and soil). 

Section 3.4 shows the cdata collected from the crops, and their assessment. Section 3.5 shows the 

environmental data collection from 2019 to 2021. Section 3.6 shows the data analysis and comparison 

between the H S and B C models for ETo calculation at all the four stations in Campobasso. Section 

3.7 shows the data analysis and comparison between the H S and B C models for ETo calculation at 
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all the three stations in Apulia region. While the final section, Section 3.8 shows the summary of the 

Chapter 3. 

3.1. Solar fertigation system 

 
Figure 3.1. Central unit of the solar fertigation system connected with the internet of things (IoT) 

with the help of wireless sensory networks (WSN) at crop field conditions. 

The project solar fertigation system was initiated by an Italian based company Asepa Energy 

s.r.l. (available here). The innovative system, developed into our project, is a self-sufficient fertigation 

system backed by photovoltaic energy and a low-cost WSN to collect crops data directly and to 

support farmers in decision making processes (Figure 3.1). The developed system is focused on to 

further support a rational use of water and fertilizer resources, and consequently a boost in 

sustainability. The solar fertigation system provides the integration and optimization of the crops and 

environmental parameters with the current innovative technologies by both receiving and processing 

the data from WSN sensors (Figure 3.1). 
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A solar fertigation system is a sophisticated, computer-based application that help 

agronomists in implementing accurate, intelligent and time-based decisions (Mahadevan 2003). The 

system performs different functions aside from retrieving and storing the data such as developing the 

retrieval functions and information accessibility. The solar fertigation system is able to deliver a 

significant amount of help to manage a variety of crops in a variety of field conditions such as 

managing practical problems. 

The traditional system has recorded two major limitations. First, this needs day to day 

monitoring, which have to be performed by the growers. This monitoring is considered as an unstable 

task as the human error possibility is high as this is highly dependent on growers. Second, the resource 

limitation problem requires to use water in a sustainable way. A solar fertigation system intelligently 

addresses both of these limitations. To overcome the first problem, the wireless sensor network 

(WSN) observes the crops in an accurate and automatic mode that limit the manual work load, with 

highly precise results using the WSN. To overcome the second problem, the solar fertigation system 

automatically monitors the data and measure the calculate amount of irrigation amount. The value 

presented by the system is a precise value based on accurate irrigation application and irrigation 

intervals for different irrigation methods at field conditions. The utilization of the solar fertigation 

system is a reliable and efficient option for various fields, integrated with WSN in irrigation 

management, and has proved to be productive than the custom methods. 

The solar fertigation system calibrates the periodicity and amount of water and fertilizer 

needed (as shown in Figure 3.2) in various crop growth stages while sensor data estimate the humidity 

and temperature of both, air and soil. The WSN sensors are installed directly on the field and collects 

the crop, environmental and soil data and send it to a central control unit. The central control unit 

then analyzes the collected data according to the crop, agronomic and meteorological parameters 

requirements (Visconti et al. 2020). 
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Figure 3.2. Photovoltaic panels installed at the top of the central unit of a solar fertigation system at 

the crop fields which provides power to the unit for fertigation purposes. 

Figure 3.2 shows that the electricity generated from the photovoltaic (PV) panels are 

transferred to the mixing system which is present inside the central unit, providing an additional profit 

to the user, or utilized for powering environmental control appliances of the similar field, thus 

developing a better environmental sustainability in agricultural production (Esen and Yuksel 2013). 

Most studies have tested the low shading PV panels on the crops, which are not actually common in 

large fields. The system is considered to provide large-scale investments to maximize the sustainable 

crop production. Due to which, most PV panels covers 50% or complete 100% of the 

floor, without optimally considering the sunlight requirements of the cultivated crops (Vats and 

Tiwari 2012). 

The collection of data ranges from crop, soil and environmental factors, while irrigation and 

fertilizer are vital parameters to run the system in trials. The table shows various levels of irrigation 

and fertilizer requirements into the trials. 
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Figure 3.3. Mobile application-based solar fertigation system which controls and monitors the 

experimental setup at crop field conditions. 

Mobile application (as shown in Figure 3.3) estimates the required amount of fertigation 

parameters based on both crop characteristics and crop type. Particularly, this application support 

user to conduct their required fertilizer management tasks to ensure optimal conditions for crop 

growth and production, and water and fertilizer management simultaneously. Moreover, the 

application also supports the simultaneous management of multiple crops by means of persistent 

databases. Thus, using this app will provide users with a concrete support for decision-management 

in water and fertigation management for a diverse number of crops in field conditions. 

3.1.1. Web based desktop platform 

This section highlights our web-based desktop platform which received the initial data 

transferred from the field conditions, managed and processed, analyzed and illustrated in a simple 

and user-friendly way. Our tests included different fields, crops, environmental conditions, irrigation 

hours, soil humidity, fertilizer amount, and their problems to solve. Our web-based desktop platform 

showed the problems and suggestions in a timely and efficient way so that those were addressed in a 

timely manner without having a higher amount of irrigation or damaging the crop. 
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Figure 3.4. Our web-based desktop platform shows temperature (minimum, maximum and average), 

relative humidity, power controllers and the voltage (input and output) of the system at different fields 

in trials. The data is collected by the official resource and our system from the years 2019-2021.

Figure 3.5. Our web-based desktop platform shows the data recorded for each crop, data process and 

analysis of the crop types.

Our collected data (shown in Section 3.4. Crops Assessment) related to the crop parameters 

was installed into our system and data for each parameter was recorded for each crop. The initial 
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growth stage, crop developmental stage, mid-season stage, and late stage of each crop was noted by 

our system and installed, while days to complete, root depth (m), crop coefficient (kc), and crop yield 

factor (ky) was recorded by our solar fertigation system as shown as in the Figure 3.5. For example, 

the Initial days for the Tomato crop were recorded as 30, depletion factor (p) as 0.3, root depth (m) 

as 0.25, crop coefficient (kc) as 0.6, and yield factor (ky) as 0.4. At the Developmental stage, the days 

revealed were 40 and yield factor (ky) as 1.1. At Mid stage, the days recorded were 45, depletion 

factor (p) 0.4, crop coefficient (kc) 1.15, and yield factor (ky) as 0.8. While at the Late stage, the days 

recorded were 30, depletion factor (p) 0.5, root depth (m) 1.0, crop coefficient (kc) recorded from 0.7 

to 0.9, and yield factor (ky) as 0.4. 

 
Figure 3.6. Our web-based desktop platform shows the daily soil moisture humidity data. 

The data is collected by our installed sensors in field conditions, transferred to the central unit 

of our system with the help of the wireless sensory networks, processed and analyzed by our web-

based desktop platform as shown here. The soil sensors estimate the amount of soil moisture, 

particularly water in the soil. These sensors are stationary such as handheld probes and are placed at 

the pre-determined positions and depths in the farm. Installing a soil moisture sensor to a 
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microcontroller or simple relay develop the process into an intelligent and smart irrigation system 

that estimates irrigation periods and considers the soil moisture conditions, such as the rain periods. 

 
Figure 3.7. Our system is able to simultaneously analyze three zones with different crops, and has 

the ability to analyze the same crop at the three zones with different parameters as shown here. 

 
Figure 3.8. Our system processed the fertilizers and irrigation at different field zones during the trials 

as shown in the above figure. Fertilizer levels and other relevant factors that are currently available 

in the container for a potential disposal are shown in the containers which could be managed using 

the web based desktop platform. 



  

55 

 
Figure 3.9. Our system shows the ability to automate and/or manual the monitoring and assessment 

processes. This has the potential to either automate and/or manualize only few processes at the same 

time in different fields as shown in the figure. 

 
Figure 3.10. Our system shows different events that are completed, continued, and/or will initiate at 

their particular time in a flowing sequence and provides an opportunity to be updated by users 

accordingly. 

The events include the irrigation periods which were based on the variation in reference 

evapotranspiration (ETo) and to the change in soil temperature (Ts) and atmospheric temperature 
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(Ts/Ta) from lower than 1 to higher than 1, the latter was considered as a means to estimate the event 

transition. Rainfall events were collected which were based on weather data and managed by the 

desktop web-based platform. The event reflects the amount of precipitation received in correlation to 

the particular field and timeframe. 

 
Figure 3.11. Our system displays all the events happened such as irrigation, detection, irrigation, 

fertigation, drought conditions, kc, ky, soil moisture condition values and other environmental 

activities collected by our installed sensors and solar fertigation system at their particular time-period. 

3.2. Reference evaporanspiration (ETo): Important DSS for irrigation in market for P M, H

S and B C estimation 

Conventional irrigation schedule assumes a fixed daily amount of water following the 

recommendations of the FAO. Crops require a particular amount of water (mm/day) during the 

growing season. According to Mason et al. (2019), the conventional irrigation strategy provides 
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real-time and the farmer would likely provide more water than this each irrigation application. 

Our system was connected with the soil moisture sensor to continuously monitor, collect and 

transfer the data for precise water allocation. There were different sensors installed into the fields 

near the plant root zone. The function of the soil moisture sensor was to enable the scheduling of the 

irrigation events using an efficient way by either decreasing or increasing the intensity and/or 

frequency, preserve the important nutrients, and on the other side, provide a thirst factor to plants at 

their particular stage of growth. Our remote soil moisture sensor empowered the users to manage the 

water levels without any requirement to the physical presence in the field. Our soil moisture sensor, 

installed in fields, correctly measured the accurate level of soil moisture. These sensors were 

integrated into our irrigation system which aided in scheduling the irrigation supply and distribution 

in an efficient method. The soil moisture sensors used into our study significantly helped in reducing 

the irrigation amount for optimum crop growth. Our installed soil moisture sensors were integrated 

with monitoring applications displayed at the desktop platform which are user-friendly and available 

on many devices, such as PC, a laptop, mobile phone or tablet. Thus, users were able to know about 

the activities on the farm anytime, which were connected with the internet 24/7. Such applications 

enabled this study to calibrate the problems in a remote way and addressed it in a timely manner. 

Rao et al. (2007) developed a web-based DSS for the management of USDA Conservation 

Reserve Program. Other studies are conducted on Gpfarm DSS (Shaffer and Brodahl 1998), Modsim 

DSS (Fredericks et al. 1998), Rwm-Crss DSS (Rajasekaram and Nandalal 2005), ENSO-based 

irrigation DSS (Paz et al. 2007), IDSS-C (Giordano et al. 2007), spatial DSS (Alrayess and Ulke 

2017), and orthodox DSS (Khadra and Lamaddalena 2010). All formulated DSS assist the water 

management in a timely manner. Acharya et al. (2016) studied a graphical user interface and 

generated spatial maps for irrigation zones of the field in the Lakhnouta minor, Sidholi Distributary 

of Upper Ganga Canal System. 
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3.3. Irrigation management: Estimation of daily crop evapotranspiration (ETc rainfall and soil) 

Reference evaporanspiration (ETo) is a complex terminology that defines the conceptual 

procedures of water losses into the atmosphere through transpiration and evaporation from the crop 

canopies which depends on the plant and soil type, land cover, and environmental conditions. ETo 

from a particular vegetation surface is a function of local climatic supporting the evaporative demand 

that could be used to predict ET for a wide range of vegetation and surface conditions with the help 

of crop coefficients for agricultural areas (Allen et al. 1998). P M formula is a reliable calculation 

formula for ETc supported by the radiative balance that enables the quantification of soil and 

environmental influence on the evapotranspiration methods specifying the functions of solar energy 

in the transfer of water from the soil to the atmosphere. The P M formula provides accurate ETc 

values in many regions and climatic conditions (Allen et al. 2005), and is utilized globally without 

the need for additional parameter requirements. The model is well documented, implemented, widely 

validated and, if compared with other models, this model has been considered as the most accurate 

model for ETc estimation (Adeboye et al. 2009; Paredes et al. 2018). 

Among the P M, H S and B C models, Waller et al. (2016), Zhang et al. (2021), Abdelfatah 

et al. (2021), Khan et al. (2021), Ding et al. (2021), and Guo et al. (2021) have used the P M model 

for the estimation of the ET. The P M estimates the ET at the standard climatological measurements 

of sunlight, air temperature, humidity, and wind velocity. Khan et al. (2021) tested the P M model in 

Al-Qassim region of Saudi Arabia. Their study processed the climatic location, crop characteristics, 

sowing and harvesting periods, and soil information in the web-based desktop platform. After the 

data installation into the desktop platform, they calculated ETo using the P M model and effective 

rainfall. The crop water requirement data for maize, wheat, rice, citrus, and barley were analyzed and 

depletion point, crop sowing and harvesting periods, kc levels, rooting depth (m), yield response 

function at different growth stages (such as beginning, growing, mid-season, and late-season), 
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number of days (total) required for completion, and crop height (m) were also processed and analyzed 

into their study. Elhag et al. (2021) estimated the crops water requirements using the P M model. 

The climatological data and crop kc values were used in the estimation of ETo. Other parameters 

such as crop water requirement, effective rain, irrigation water requirement and optimum water 

supply were processed, estimated, and preserved in the desktop platform. Significant data were 

revealed using the P M model for crop water requirements for cotton, sorghum, groundnut, and wheat 

such as 4100 m3, 3076 m3, 4103 m3, and 2473 m3, respectively. 

Our system collected data fits properly for many models based on which, our study 

recommends to use the P M model for accurate and precise data management. However, the main 

limitation of the P M model is the estimation of a huge amount of climatic data (e.g., air temperature, 

windspeed, relative humidity and solar radiation) that are not always available in every climatological 

condition. Due to this limitation, the P M model is considered as the most difficult model to estimate 

the ET. The availability and accuracy of weather data for radiation, relative humidity and wind speed 

may be imperfect in many parts of the world, especially in developing countries of the world. This 

limitation compelled users to develop simpler models where only data on air temperature (min and 

max), and extra-terrestrial radiation are needed, such as H S (Berti et al. 2014) and B C (Blaney and 

Criddle 1950) models. If some parameters are not available, the data and the trend analyzed into our 

study recommends to install the B C formula into the DSS for efficient processes. Archana et al. 

(2021) tested the B C model for the ET estimation on weekly basis. The collection of parameters 

such as temperature, wind speed, relative humidity, and sunshine hours supported the ET to be higher 

in the 51st and 52nd weeks of the test in rather of the previous weeks. Alamanos et al. (2021) classified 

12 classes of crops and tested for ETo using the B C model. The utilization of the B C model showed 

that the crop water requirement was increased by the relevant losses of the crop coefficient values 

and the irrigation potential, as found from different surveys (Hydromentor 2015). The ET was 

estimated according to the irrigation supply and demand with a significant trend. Studies of Goh et 
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al. (2021) depicts that the data and analysis obtained using the B C models showed values above all 

the other models indicating the overestimation of the ET level. If the values were not available for 

the B C model, our study recommends to install the H S formula into the DSS for high precision 

results. The H S model provide good results to be obtained using the least required environmental 

parameters for the ETo estimation such as the temperature (Tegos et al. 2015, 2017; Xu et al. 2002; 

Shahidian et al. 2012). Gentilucci et al. (2021) assessed the interpolation to obtain the monthly and 

annual crop ETo using the H S model. The independent variables showed the highest correlation 

result while the geographical variables were among the lowest (such as latitude, exposure, slope, 

distance from the watershed line etc.). Dashtabi et al. (2021) estimated the crop ET using the H S 

model to verify the values recorded by the web-based desktop platform. The study tested the three 

wheat fields with optimum irrigation management and estimated the economical and physical wheat 

productivity. Results recorded economical productivity (NBPD) as 13000 Rls m-3 and physical 

productivity (CPD) as 1.6 kg m-3. Wu et al. (2021) tested the ETo estimation using the several models 

of the H S formula on daily and monthly basis. Based on the results, optimized H S models showed 

more accurate and highly precise results than the empirical models. The R2 value for the H S based 

estimated ETo were recorded as 0.83, 0.83 and 0.82 while RRMSE were recorded as 0.24 mm d-1, 

0.25 mm d-1 and 0.25 mm d-1. 

The system description and the layout (as shown in the above section) was installed with the 

data collected from the field conditions. The system was then run on the collected crop data which is 

shown in the following section. 

3.4. Crops assessment 

The following collected data shows its integration and installation into the solar fertigation 

system while different crop data and parameters were installed into the system for efficient 

management. The aim of this section is to illustrate the data on nine significant crops, crop water 

requirement, fertilizer requirement, stages of development, stage length (in days), depletion 
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coefficient (p), root depth (Zr), crop coefficient (kc), yield response factor (ky), and bibliographic 

database for crop water productivity, as shown in Table 3.1.  

Table 3.1. Different levels of irrigation and fertilizer nutrients utilized by different researchers in 

trials (FAO Land and Water). 

Parameters Fertilizer 
Requirements 
N-P-K 
(kg ha-1) 

Irrigation 
(mm year-1) 
 

References 

Citrus (C. sinensis and C. limon) 100-35-50 900-1200 Chaudhari et al. (2016) 
Olive (O. europaea) 200-55-160 400-600 Sary and Elsokkary (2019) 
Soybean (G. max) 10-15-25 450-700 Shen et al. (2018) 
Potato (S. tuberosum) 120-50-125 500-700 Soratto et al. (2020) 
Cabbage (B. oleracea var. capitata) 150-50-100 380-500 Sikura et al. (2020) 
Onion (A. cepa) 60-25-45 350-550 Mubarak et al. (2018) 
Pepper (C. annuum) 100-25-550 600-900 Youzhe et al. (2016) 
Tomato (L. esculentum) 200-250-250 400-600 Geisseler et al. (2020) 
Watermelon (C. lanatus) 80-25-35 350-400 Kang et al. (2020) 

 

3.4.1. Citrus (C. sinensis and C. limon) 

Citrus originated in Southeast Asia and is a perennial tree crop. Citrus world production is 

98.7 million tons (fresh fruit), following 62 % orange (C. sinensis), 11 % lemon (C. limon), and the 

production of oil and citric acid (FAOSTAT 2001). Citrus tree crops start fruiting from its third year, 

but significant yields could be achieved from its fifth year. The natural fall of the weak and young 

fruits is known as in the northern hemisphere and in the southern 

hemisphere, respectively. De-greening of fruit appears while experiencing the cold climate. Citrus 

fruits take 7-14 months to harvest while lemons, C. limon take a longer time than this timeline. The 

amount of acid minimizes during the ripening stage while sugar and aromatic matters maximizes with 

the maturity stage. Citrus tree crops can be grown in the temperature ranging from 23-30 °C followed 

by 13-20 °C of soil temperature for an active root growth development. Flowers and young fruits 

sheds-off with strong winds and with the temperatures lower than 0 °C. Perfect soils (with soil pH 5-

8) to grow citrus are the aerated and deep soils where plant roots can penetrate till 1-2 m in search of 
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nutrients (magnesium, zinc, copper and manganese) and water, while high water-table can be harmful 

to citrus trees.

Citrus fertilizer needs

Citrus tree crop fertilizer requirements are 100-200 kg ha-1, 35-45 kg ha-1 and 50-160 kg ha-1

with N-P-K soluble nutrient fertilizers, respectively. Bhite et al. (2017) studied orange, C. sinensis

crops with a greater cost benefit ratio (1.61) by using 40% N (of the total recommended dose of 

fertilizers (RDF)) in the crop stage I (Jan-Feb) and stage II (March-April), and 20 % in stage III (May-

June). The ratio of P2O5 was 50 % in stage I (Jan-Feb) and in stage II (March-April). While 50 % 

K2O was used in stage III of the C. sinensis (May-June), and 25 % in stage IV and V (July-Aug and 

Sept-Oct). Studies record that the fruit weight and quantity tree-1 increase by using the NPK in a 

proper amount. While the quality including ascorbic acid content, fruit girth and juice, and reducing 

and non-reducing sugar maximizes by using the multi-micronutrients for the C. sinensis (Chaudhari 

et al. 2016).

Table 3.2. Citrus soluble fertilizer taken up at different growing stages (FAO Land and Water).

Percent of recommended dose of fertilizers (RDF) to be supplied through soil application for the orange crop

Growth stage
I
(Jan-Feb)

II
(March-April)

III
(May-June)

IV
(July-Aug)

V
(Sept-Oct)

VI
(Nov-Dec)

N P2O5 K2O N P2O5 K2O N P2O5 K2O N P2O5 K2O N P2O5 K2O N P2O5 K2O

40 50 0 40 50 0 20 0 50 0 0 25 0 0 25 0 0 0

Gawali et al. (2019) suggests for the C. limon at 120 kg N, 40 kg P2O5, and 40 kg of K2O 

hector-1 is a moderate quantity. A little amount of N with greater amount of P2O5 and K2O at the time 

of plantation (during first year), while the remaining N is applied in four-equal-splits after each 

harvest of the fruits. Behura et al. (1998) studied the C. pendulus and recorded that higher plant 

height, tiller number and herb yield were found by using the fertilizer amount following the rates of 

100 kg, 50 kg and 50 kg of N-P2O5-K2O ha-1, respectively. Mirzajani et al. (2019) studied the fertilizer 

application doses for the Lemon Balm (Melissa officinalis) with the chemical fertilizers of 90 kg ha-
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1 -1 triple super-phosphate (Na3PO4), 90 kg ha-1 of K2SO4 while the 

treatments utilized with the fertilizers at 100 kg ha-1 revealed best results in all treatments showing 

the yield of 0.13% of essential oil contents, 4808.2 kg ha-1 of biological yields, and 1.54 mg gr-1 FW 

of total chlorophyll content. 

Adams et al. (2019) claimed that soil salinity significantly affects crop growth while higher 

NaCl content declines plant development and negatively affects many plants physiological processes 

including chlorophyll contents, and stomatal conductance. While mild concentrations of NaCl (30 

mm) applied to plants provide higher biomass and photosynthetic potential. A study used the water 

balance approach of FAO 56 manual using fluxmeter and found that 37%-45% of irrigation water is 

wasted by deep percolation due to an increase in over-irrigation and reducing the soil salinity to leach 

all the present soil salts (Nassah et al. 2018). 

In general, reproduction of citrus trees is performed through transplantation but in many cases, 

they have also been propagated through bud grafting, while plant to plant distance ranges from 4 × 4 

to 8 × 8. The density of the plantations ranges from 200-800 trees ha-1 with the legume crops 

intercropping technique. 

 
Figure 3.12. Different citrus crop stages from initial, crop development, mid- and late-season 

 (FAO Land and Water). 

Table 3.3. Citrus major crop coefficients significant for the crop production and yield growth 

parameters (FAO Land and Water). 
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Stages of development Plant date Region(s) 
Crop characteristics Initial Crop 

development 
Mid-
season 

Late Total   

Stage length (in days) 60 90 120 95 365 Jan Mediterranean 
Depletion coefficient (p) - - - - 0.5   
Root depth (Zr) (m) - - - - 1.2   
Crop coefficient (kc) 
70% canopy 
50% canopy 
20% canopy 

0.7 >> 0.65 0.70 -   
0.65 >> 0.60 0.65 -   
0.5 >> 0.45 0.55 -   

Yield response factor (ky) - - - - 0.8-1.1   

 

Crop water needs 

Total Water demands range from 900-1200 mm year-1 (but depends on soil and weather 

conditions, development stage and daily ET rate of the region), as they are evergreen plants. Er-Raki 

et al. (2018) modelled seasonal actual crop evapotranspiration (ETa) of oranges based on the modified 

Penman Monteith equation by using drip irrigation method in semi-arid region. The comparison 

results in-between measured and modelled ETa revealed that the proposed model truly and precisely 

provides the ETa with the error potential of < 20%. A study conducted by Abdelraouf et al. (2020) 

shows that increasing rice straw amount, application of the partial root-drying technique, and by 

providing 100% of the Water demands, this leads to enhancing the productivity, quality and water 

use efficiency of the orange field crop. 

Table 3.4. Citrus tree monthly crop coefficients (kc) for the ETm and ETo (FAO Land and Water). 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
 

70 % crop canopy 0.75 0.75 0.7 0.7 0.7 0.65 0.65 0.65 0.65 0.7 0.7 0. 
 

No control of weeds 0.9 0.9 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 
 

 

Water availability and yield production 

During the water stress conditions, the plant growth stops, fruits prevent maturity, leaves curl 

up and the tree fruit and plant provide minimum quality. While soil water depletion leads to adequate 

water deficits in yield formation and ripening stage which positively affect the fruit acid and results 
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growth impacts in the last growing season and determines the tree and fruit quantity and quality for 

the pre

(particularly flower bud initiation) at about l0 °C. The fine soil texture results in better soil aeration, 

and prevents diseases including root-rot disease. 

 
Figure 3.13. Seasonal development relationship between the relative yield reduction (1-Ya/Ym) 

against relative evapotranspiration shortfall condition (FAO Land and Water). 

During the low N application at 100 kg ha-1, the yields of orange (C. sinensis) led yields 

reveals low at 33 t ha-1 which are 25% less yield production, high N application at 300 kg ha-1 provides 

a high production yield at 43 t ha-1., so the optimal water and fertilizer application must be provided 

to significantly maximize orange yield production by > 13% (Qin et al. 2016). The yield of citrus 

varies from tree-tree whereas for a single tree, yield varies from year-year. The mandarin provides 

20- -1 year-1, lemons reveal 30- -1 year-1, grapefruit production ranges from 40-

-1, while the orange production ranges from 25- -1 year-1. Results of the study 

conducted by Giwa et al. (2018) found that the orange peels are a significant resource of providing 

essential oils up to 4.40% (steam distillation), 3.47% (water distillation), and 2.536% (solvent 

extraction) under certain circumstances. 

Irrigation water uptake 
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In general, citrus trees grow a single tap root with which lateral roots are developed and further 

the weakly developed root hairs are associated, known as the feeding roots. These roots search for 

nutrients and water simultaneously at the depth of about 1.20-2 m inside the soil. Experiencing the 

prolonged days of water stress conditions, the citrus tree roots evolve differently to the soil depth of 

2-3 m in search of deep soil water and nutrients. Shahzad et al. (2020) shows that the Candidatus 

liberibacter trees had significantly downgraded levels of micronutrients including Mn, Zn, and Fe. 

Results showed that nutrient uptake potential per kilogram of root-tissues provided a higher value in 

Candidatus liberibacter trees and are highly efficient in nutrient uptake processes. 

Irrigation scheduling 

In citrus trees, they experience a high demand of soil water during the flowering and 

June/December drop period. During the 5-6 mm day-1 of ETm, the available soil water fraction (p) is 

considered as 0.4 where the soil water requirement of the crop is at peak. Citrus trees must be provided 

with better soil aeration conditions with the proper amount of irrigation water while over-irrigation 

could severely damage the trees by leaching of nutrients, inhibiting diseases, and affecting root 

development which could ultimately affect the total yield. A study recorded the seasonal maximum 

water applied, crop water consumed, and consumptive use efficiency (Ecu) under different irrigation 

regimes followed by the Jisemar and Azospirillum, whereas, several treatments showed maximum 

values related to water productivity and irrigation water productivity (Zaghloul et al. 2017). 

Irrigation methods 

Flood, basin, sprinkler (best for frost protection), drip and furrow irrigation methods are 

considered as the best method for citrus trees. Puglisi et al. (2019) conducted an experiment on 

orange, C. sinensis (L.), results of which shows that physiological response related to water stress 

conditions revealed non-significant variations in irrigation treatments, leaves ABA contents showed 

constant, while longer drying cycles enhanced the ABA contents in leaves. Morgan et al. (2010) 

conducted studies on orange irrigation methods and analyzed that the micro sprinkler system is most 



  

67 

advantageous compared to the sprinkler system. Efficiency of the sprinkler systems are lower than 

the 80% in total. While micro irrigation methods are typically highly prioritized as these systems 

provide irrigation water directly to the crop root-zone where irrigation water losses are experienced 

to be at minimum scale, ET is lower which leads to efficient productivity (90% to 95%) of the water 

delivery system (Morgan 2010). 

3.4.2. Olive (O. europaea) 

Crop and climate 

Olive, O. europaea originally came from the Middle East region. Production of the green and 

black table olives is estimated to be around 16 million tons and olive oil production is about 2.7 

million tons. The 95 % out of the total production is estimated to produce in the Middle-East while 

other major producing countries are Italy and Spain (FAOSTAT 2001). Warm summers give a high 

oil content to the fruit. Under poor soil conditions, the crop provides acceptable yield production 

considering its deepness, aeration and waterlog free condition. 

Olive fertilizer needs 

Olive crop requirements for fertilizer are estimated to be 200-250 kg ha-1, 55-70 kg ha-1 and 

160-210 kg ha-1 for the N-P-K ratio. A study showed effects of two treatments such as full irrigation 

and half irrigation regimes as 75 and 50 % NPK, oil contents in fruits showed 100 % NPK, 75 % 

NPK, and 75 % NPK, while the highest chlorophyll contents was 75 % NPK and 75 % NPK (Sary 

and Elsokkary 2019). Miyasaka et al. (2016) showed that the fruit weight yield of the olive ranges 

from 2.14-2.45 (2013-14), and 0.25-22.06 (2015) kg tree-1. 

Table 3.5. Olive soluble fertilizer taken up by the plant at a given region and climatological condition 

(FAO Land and Water). 

Country resource Plant Nutrient Requirements (Kg ha-1) 

N P2O5 K2O 
Available from earlier crops 8 2 14 

Uptake by the Olive tree 78 19 98 

Removed by the Olive tree 40 7 60 
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Ben-Gal et al. (2017) investigated five water salinity (ECi) levels in Olive plantations with 

0.5-11.0 dS m  for a constant leaching fraction of 0.29 and five leaching levels with 0.05-0.44 water 

of 5.0 dS m  of ECi, whereas soil salinity decreased tree water consumption and tree size (above-

ground biomass) by 40-60 % as it increased from 1.2 to around 3.5 4.0 dS m . Trabelsi et al. (2019) 

showed that after re-watering, photosynthetic rate of rainfed treatment showed 55% irrigated with 

) increased photosynthetic processes by 55% 

and showed a lower value of fresh water by 23%. Olive tree crop production in an economic version 

is considered as 50 years (minimum) but with better management practices, perfect soil and water, 

and better weather conditions can take it for a longer time. 

Table 3.6. Olive major crop coefficients significant for the crop production and yield growth 

parameters (FAO Land and Water). 

Stages of development Plant date Region(s) 

Crop characteristics Initial Crop  
development 
 

Mid-season Late Total   

Stage length (in days) 30 90 60 90 270 March Meditteranean 

Depletion coefficient (p) - - - - 0.65   

Root depth (Zr) (m) - - - - 1.7   

Crop coefficient (kc) 0.65 >> 0.70 0.70 -   

Yield response factor (ky) 0.2       

 

The coefficients described in Table 3.6 shows about 40-60% crop biomass and estimates Kc 

at immature stage. The monthly Kc for Olive crop having 60% biomass: 0.45, 0.50 and 0.65 from 

January to December. These coefficients are invoked by the Kcini=0.65, Kcmid=0.45 and Kcend=0.65 

with length of the stage = 30, 90, 60 and 90 days, respectively. Lengths of days of crop developmental 

stages provide general perspective, but may affect sometimes, depending on the climate and cropping 

conditions and crop variety. Tests are primarily conducted on the required parameters of the local 

field. 
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Crop water needs 

The water requirement of olive oil is comparative less than the other crops as 400-600 mm 

(even 200 mm in some regions) amount of water is required. Olive oil when received 600-800 mm 

provides high yields in better environmental conditions with the kc ranges from 0.4-0.6. A study 

revealed that olive crop Water demands are likely to be enhanced up to 3%, while ETc is to decrease 

up to 5.5%-21.7% while net irrigation olive crop requirements are to increase up to 29.5-103.4 mm 

(Knezevic et al. 2017). Ahumada-Orellana et al. (2017) showed that the treatments T2, T3, and T4 

provided good yield in 37, 51, and 72 days with experiencing water stress regimes and showed 75

83, 62 76, and 56 70% of applied water, respectively, while irrigation cut-off strategy could save 

20% of the irrigation water. 

Water availability and yield production 

Moderate amount of water is needed for maximum yield production to harden the fruit stone 

until the harvest stage. With high water availability, the fruit yields production quantity, quality, size, 

and flesh-pit ratio maximize, but reveals short leaves and twigs, and dense foliage. In case of table 

olive production, a precise amount of irrigation water is required after the crop development 

(flowering) stage. Olives for oil products are harvested with the timeline ranges from mid-December 

to March. Commercial olive yield production following a good irrigation practice produces 50 100 

kg tree-1 fruit, with the oil production from fruit ranges from 20-25%. Ribeiro et al. (2017) showed 

the RPI de-trended data for the Olive crop-yield forecasting as the minimum forecasting precision 

with the level of 63%, while observed and modeled average deviation production minimized and 

showed 14% providing the maximum deviation length of 33%. For predicting O. europaea (L.) yield 

production, the most accurate forecast model RMSE showed the lowest observed data as 452.80 and 

398.75 (Achmakh et al. 2020). 

Irrigation water uptake 
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The olive tree with its growth in 3 or 4 years develops the fascicle rooting system, which can 

grow up to 12 m in length (lateral roots) in search of nutrients and water. Under 5-6 mm day-1 of 

maximum evapotranspiration (ETm), the crop to soil Irrigation water uptake ratio reduces up to 60-

70 % of the total available soil water. Autovino et al. (2018) measured soil water contents in olive 

orchards at different distances with 0.04- 3  RMSE values of the root system. A study 

examined that root hydraulic resistance constitutes 81% of the resistance during moderate irrigation 

regimes, which increases to > 95% during moderate irrigation stress. The decline of root hydraulic 

2019. 

Irrigation scheduling 

Different irrigation methods are applied (depending on region to region) but drip and surface 

irrigation are considered best for high yields. In winter, the irrigation is also required after 500 mm 

of rain during and at the end of the stone hardening stage. Under minor rains in winter, irrigation is 

required prior to flowering stage, during yield formation stage, and during stone hardening stage. For 

olive oil products, irrigation must be prohibited during the maturity stage which will maximize the 

oil content in the fruit. Capra et al. (2018) revealed that sustained deficit irrigation and regulated 

deficit irrigation saves 36%-54% (average) of energy and water while high-plant-density fields with 

sustained deficit irrigation reveals minimum water and energy needs. 

3.4.3. Soybean (G. max) 

Crop and climate 

Soybean, G. max crop is considered to produce a significant amount of oil and good quality 

protein worldwide. Soybean world production shows 176.6 million tons of beans following the 

supplemental irrigation methods (FAOSTAT 2001). The crop growth is affected by the temperature 

which is > 35 °C and < 18 °C in any given climate. Total growing period of the soybean crop ranges 

from 100-130 days (in some regions more). The row-row distance in soybean crop ranges from 0.4-
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0.6 m and 30-40 seeds metre-1 in a row is practiced. The suitable soil pH value for the soybean growth 

stages from 6-6.5 pH value for a commercial bean production. 

Soybean fertilizer needs 

The N-P-K fertilizer requirement doses of soybean crop ranges from 10-20 kg ha-1, 15-30 kg 

ha-1, and 25-60 kg ha-1, respectively. The soybean crop is also able to fix the Atmospheric-N for the 

best commercial bean yield production. Study of the Shen et al. (2018) revealed that greater N 

fertilizer rates cannot enhance crop yield in maize-soybean intercropping, but showed a significant 

C- -1. 

Kruger et al. (2020) showed that intercropping of soybean (G. max L.) and corn (Zea mays 

L.) at sandy-loam-soils has a significant declined rate in yield production. The study revealed 50% 

(EC50) yield cut at sandy-loam-soil showing the value of 7.04 for the salinity tolerance indices (STI) 

in soybean crop and the value of 9.68 in corn crop. 

Table 3.7. Soybean major crop coefficients significant for the crop production and yield growth 

parameters (FAO Land and Water). 

Stages of development Plant date Region(s) 

Crop characteristics Initial Crop development Mid-season Late Total   

Stage length (in days) 15 15 40 15 85 Dec Tropics 

 20 30/35 60 25 140 May Central USA 

 20 25 75 30 150 June Japan 

Depletion coefficient (p) 0.5 >> 0.6 0.9 0.5   

Root depth (Zr) (m) 0.3 >> >> 1.0 -   

Crop coefficient (kc) 0.5 >> 1.15 0.5 -   

Yield response factor (ky) 0.2 0.8 - 1.0 0.85   

 

Crop water needs 
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Figure 3.14. Solar fertigation system working at the crop fields. 

Soybean crop Water demands on a seasonal basis range from 450-700 mm (Depends on 

region region, climate, soil and plant characteristics). The stage and length of the crop has diverse 

water requirements determined by crop coefficient (kc) values. However, kc of the soybean at initial 

stage is (0.3-0.4), development stage (0.7-0. 8), mid-season stage (1.0-1.15), late-season stage (0.7-

0.8), while harvest is given as (0.4-0.5). Suryadi et al. (2018) showed that the seasonal amount of 

crop water requirement in soybean is 349.6 mm. Kumar et al. (2019) conducted a study by employing 

the FAO P M model for computing the reference evapotranspiration (ETo). Crop data taken with 

lysimeter was evaluated with the help of remote sensed crop evapotranspiration (ETc) which provided 

the values of 0.44mm, 0.66mm and 25.15% viz. MBE, RMSE and MPE, respectively. While the 

soybean seasonal crop water requirement showed 304.40 mm and 349.50 mm using the remote 

sensing and lysimeter techniques, respectively. 

Water availability and yield production 
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Figure 3.15. Different growth periods of soybean crop and their respective length in days (FAO Land 

and Water). 

Growth development of the soybean crop is determined by the soil moisture availability at the 

root-zone which affects crop growth, yield formation quality and quantity, flowering and pod 

formation and/or droppings, and the respective delays in development stages. The adequate soil 

ill 

up, yield formation, and high yield production. 

The two development stages are critical and sensitive to water stress such as establishment 

period, and early yield formation which requires to provide adequate water supply during these 

periods. However, in conditions of water stress, the stages such as the vegetative stage, and near 

maturity (late-stage) could withhold the water scarcity conditions. 

Crop irrigation regimes have shown an insignificant impact on protein and oil contents of the 

crop. In normal conditions, soybean crops yield ranges from 1.5-2.5 tons ha-1 seed with adequate 

irrigation regimes whereas, hybrid soybean yields provide 2.5-3.5-ton ha-1 seed. Antoneli et al. (2019) 

revealed a positive linear curve in soybean crop yield production ranging from 2.45-3.08 Mg ha-1 yr-
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1, which was recorded for significant soil parameters including porosity and exchangeable cations 

content. Gavili et al. (2019) showed that by applying 0-75-ton cattle manure-derived biochar ha-1 

under water-holding capacity reveals a high soybean crop grain yield. While 100-ton biochar ha-1 

highly affects the yield production in a negative way, as biochar could positively be utilized for the 

high soybean yields in drought stress regimes. Ahmadi et al. (2017) showed the highest yield 

production of the soybean crop was revealed 1764.7 kg ha-1 while the lowest yield was revealed as 

466.1 kg ha-1. 

Irrigation water uptake 

The soybean crop is sensitive to water scarcity and availability which affects its root growth 

(> 1.5 m in length) which starts to highly develop during the flowering stage. The root-zone ranges 

from 0.6-1.3 m plays a significant role for the soil moisture uptake while this range of the root-zone 

provides 100 % water to the crop. The germination stage can withhold the water content level from 

50-85 % of the available soil water while below or above this range could damage the crop. 

Irrigation scheduling 

In some regions, supplemental irrigation periods are also provided to the soybean crop to 

significantly maximize their yield production. Integration with the irrigation periods should be 

covered while irrigation at the early pod filling stage reveals a significant increase in pod and other 

yield production. Ahmadi et al. (2017) conducted a study to calculate the seasonal soybean crop water 

status index (CWSI) and revealed the values of 0.18, 0.37, 0.61 and 0.84 for four treatments. The 

study shows that a decline in per unit of irrigation water continuously rises the CWSI with the 0.15% 

rate. The study validated that the relationship of CWSI and grain yield production has a greater 

correlation of r= 0.98, whereas, the yield significantly decreases by maximizing the amount of CWSI. 

The study showed that the CWSI (0.18) governed the irrigation scheduling in the soybean field. 

Irrigation methods 
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Soybean is generally grown provided irrigation with furrow irrigation method. For soybean 

crops grown with high value cover crops, the sprinkler irrigation method can also be practiced. 

Potato (S. tuberosum) 

Crop and climate 

Potato, S. tuberosum originated from the south American high-altitude regions. S. tuberosum 

crops total yield production is about 308 million tons at the cultivated land of 19 million ha. 

(FAOSTAT 2001). The high yield from the S. tuberosum crop could be obtained at the temperatures 

ranging from 18-20 °C (slight changes in different regions) with the daytime length of about 15-17 

hours. S. tuberosum varieties have the ability to cope with the different climatological conditions due 

to which they are grouped into early, medium, and late varieties with the differences in days ranging 

from 150-180 days, 120-150 days, and 90-120 days, respectively. S. tuberosum should be sowed at 

the depth of 5-10 cm with other crops including maize, beans and alfalfa in a rotation to preserve the 

natural soil efficiency at the soil pH value of 5-6. 

Potato fertilizer needs 

The fertilizer demands particularly, the N-P-K fertilizers for the S. tuberosum ranges from 80-

120 kg ha-1, 50-80 kg ha-1 and 125-160 kg ha-1, respectively. Soratto et al. (2020) studied that the 

soils with lower potential of K-contents enhance the potato plants biomass regardless of the types of 

the management, whereas, soils with lower potential of K-contents may not significantly affect the 

plant dry matter content. Jahanzad et al. (2017) conducted tests and validated that the potato tuber 

yield production and nitrogen use efficiency are strongly relevant to the lowest (75 kg ha-1) or highest 

(225 kg ha-1) of N-fertilizer levels. The study further validated that the crop grown in no-cover-crop-

plots required 225 kg ha-1 of nitrogen for the highest yield production (26.5 mg ha-1). While the potato 

crop grown after winter pea or radish crop revealed the same high yields by using the 75 and 150 Kg 

ha-1 of nitrogen, respectively. 
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Table 3.8. Potato soluble fertilizer requirements at each day, at different development stages and their 

respected crop coefficients (FAO Land and Water). 

Tomato growth stages Tomato soluble fertilizer 
requirements 
(kg ha-1 day-1) 

Tomato soluble fertilizer 
requirements 

(kg ha-1 stage-1) 

Tomato crop 
coefficient 

(kc) 
N P2O5 K2O N P2O5 K2O 

Planting stage 1 0 1 1 0 1 0.5 

Vegetative stage 1.56 0.54 2.44 61 21 95 >> 

Tuber initiation and bulking stage 3.15 1.08 4.85 126 43 194 1.15 

Maturity stage 2.36 0.82 3.64 118 41 182 0.5 

 

Islam et al. (2018) studied that the soil salinity content in raised soil-bed was shown lower 

while at the flat soil-bed, the soil salinity content was rather high. Results showed that the soil-beds 

which had lower soil salinity (raised soil-beds) revealed 13.04% greater tuber yield production than 

the other treatments. Studies of El-Wahed et al. (2020) showed that different levels of mulching and 

irrigation regimes highly affect the soil salinity as making the salt content to increase or decrease its 

content from its initial level. 

Table 3.9. Potato major crop coefficients significant for the crop production and yield growth 

parameters (FAO Land and Water). 

Stages of development Plant date Region(s) 
 

Crop characteristics Initial Crop 
development 

Mid 
season 

Late Total   

Stage length (in days) 25 30 30/45 30 115/130 Jan/Nov (Semi) Arid climate 

 25 30 45 30 130 May Continental climate 

 30 35 50 30 145 Apr Europe 

 45 30 70 20 165 Apr/May Idaho 

 30 35 50 25 140 Dec Calf. desert 

Depletion coefficient (p) 0.5 >> 0.6 0.9 0.5   

Root depth (Zr) (m) 0.3 >> >> 1.0 -   

Crop coefficient (kc) 0.5 >> 1.15 0.5 -   

Yield response factor (ky) 0.2 0.8 - 1.0 0.85   

 

Crop water needs 
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The S. tuberosum crop water demands (ETm) in European regions ranges from 500 to 700 

mm (slight changes for different regions). The crop coefficient (kc) of S. tuberosum at the initial stage 

is given as 0.4-0.5, the development stage shows 0.7-0.8, while the mid-season stage reveals 1.05-

1.2. Whereas, the kc of S. tuberosum for the late-season stage ranges from 0.85-0.95, and at maturity 

it shows 0.7-0.75. Gebremariam et al. (2018) showed that the depth of irrigation application 

significantly affected the S. tuberosum crop yield production and WUE. Study showed the highest 

yield production was (25864 kg ha-1) by applying 100% of ETc, while 70% of ETc revealed the crop 

yield production of 22639 kg ha-1, which showed a non-significant trend against the 100% ETc. The 

Kcend value for Potato crop is 0.40 with vine kill. 

Water availability and yield production 

 
Figure 3.16. Different growth stages of the S. tuberosum crop (FAO Land and Water). 

To harvest the optimized S. tuberosum crop yield production, the total available soil moisture 

in the root-zone must be in the range of 30-50 %. Varieties of the S. tuberosum have shown a diverse 

set of responses to soil moisture content at different stages, keeping the fact that high moisture content 
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maximizes the crop yield production. While the stages such as stolonization, tuber initiation, and 

yield formation are highly sensitive to the soil moisture availability, ripening and early vegetative 

stages have shown rather less relatedness to the soil moisture availability. 

Dry matter and stolonization content of the crop increases with moderate quantities of 

irrigation regimes during the ripening stage. The yield production of the S. tuberosum crop within the 

range of 25-35-ton ha-1 is considered as good (slighter difference from region-region in yield 

production). Winnicki et al. (2017) studied the European potato varieties which showed that the Adam 

cultivar is least significant for high yield production for its low starch, while the minimum unit costs 

for producing starch appeared during the assessment of the Sleza European potato cultivar. 

Water uptake 

The soil water depletion effect was shown at about 25 % under the evaporative conditions 

(ETm) of 5-6 mm day-1 at a specific climate. A significant amount of soil moisture uptake is 

performed by the upper 0.3 m rooting system, while the remaining water uptake is performed by the 

rest of 0.4-0.6 m rooting system. 

Irrigation scheduling 

The stages of stolonization, tuber initiation, and yield formation should be taken care of. 

While the early vegetative, and ripening stages could be kept in the non-irrigation regimes. 

Irrigation methods 

For high yield production of the S. tuberosum, the furrow and sprinkler irrigation methods are 

recommended with frequent irrigation techniques. A significant increasing trend in yield production 

is revealed following the mechanized sprinkler irrigation method in conditions to address the daily 

ETO demands of the crop. 

Cabbage (B. oleracea var. capitata) 

Crop and climate 
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Cabbage, B. oleracea var. capitata originates from the south and western European regions, 

while total production is 55 million tons at 2.6 million ha. of land (FAOSTAT 2001). For good yield 

production, the growing period of the crop ranges from 120-140 days under a certain temperature 

ranging from 24 °C max and 10 °C min while temperature outside this range may harm the plant and 

yield production. Leaves of the crop smaller < 3 cm survive longer duration of low temperature but 

leaves from 5-7 cm leads to a poor-quality yield production. The heavier loam soils with improved 

drainage and aeration are perfect for the growth and production. 

Cabbage fertilizer needs 

The B. oleracea var. capitate fertilizer requirements particularly N-P-K are ranges from 100-

150 kg ha-1, 50-65 kg ha-1, and 100-130 kg ha-1, respectively. Sikura et al. (2020) conducted a study 

on cabbage and used slow-release nutrient fertilizers which revealed a greater commercial yield 

production by using the nitrogen fertilizers with 108 kg ha-1 rate. Chuan et al. (2019) concluded field 

trials with the nutrients N-P-K application rate of 112.98, 35.03, and 213.15 kg ha-1, respectively. 

While the yield production efficiency of the nutrient fertilizers showed 26.6, 13.9, and 16.6 t ha-1 

respectively, whereas, the agronomic efficiencies were 114.3, 108.5, and 89.4 kg kg-1 with average. 

Table 3.10. Cabbage crop average rates of soluble fertilizer requirement (kg ha-1) (FAO Land and 

Water). 

N P2O5 K2O 

120-160 50-100 180-200 

 

Table 3.11. Cabbage crop Fertigation requirement with different rates at different development stages 

(kg ha-1) (FAO Land and Water). 

Development Stages Nutrients required (kg ha-1 day-1) 

N P2O5 K2O 

Planting (45 days) 1.013 1.14 1.08 

46-70 days after harvest 3.33 1.36 3.73 

71- harvest days 0.74 0.32 0.84 
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Sahin et al. (2018) concluded that the increased levels of soil salinity negatively affect the 

plant growth particularly, dry mass, roots, and shoots. The study further observed that sucrose and 

proline levels provoke plant development within the certain levels of soil salinity. While in regimes 

of the increased soil salinity, a negative impact on plant's transpiration rate (Tr), intercellular CO2 

content (Ci), net photosynthetic activity (An), stomatal conductance (gs), leaf relative water content 

(LRWC), and chlorophyll content (SPAD) appears. 

 
Figure 3.17. Full-grown Cabbage, B. oleracea var. capitate with green leaves and white flowers 

(FAO Land and Water). 

Table 3.12. B. oleracea var. capitata major crop coefficients significant for the crop production and 

yield growth parameters (FAO Land and Water). 

Stages of development Plant date Region(s) 

Crop characteristics Initial Crop 
development 

Mid 
season 

Late Total   

Stage length (in days) 40 60 50 15 165 September California desert 

Depletion coefficient (p) 0.4 >> 0.4 0.4 -   

Root depth (Zr) (m) 0.25 >> >> 0.5 -   

Crop coefficient (kc) 0.7 >> 1.05 0.95 -   

Yield response factor (ky) 0.2 - 0.45 0.6 0.95   

 

Crop water needs 
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B. oleracea var. capitata seasonal water demands ranges from 380-500 mm (slightly different 

in various regions). The B. oleracea var. capitata crop coefficient (kc) initiates at the initial growth 

period which is (0.4-0.5), at crop development period kc is (0.7-0.8), at mid-season stage kc is (0.95-

1.1), at late season stage kc is (0.9-1.0), while at harvest the kc is (0.8-0.95). Beshir (2017) reveals 

that the cabbage water requirement ranges from 2.57-5.81 mm day-1 with two irrigation regimes in 7 

days is considered an adequate and better irrigation for the good yield production of cabbage.  

Water availability and yield production 

The vegetative stage of the B. oleracea var. capitata is sensitive to the water deficit conditions 

while the yield is affected by water stress regimes. For regions where water scarcity is available, the 

growing area should be extended while partial meeting the crop water demands may provide a 

significant yield production. 

The yields range from 25-85-ton ha-1 in well controlled conditions. Verma et al. (2017) 

showed that the maximum biological yields, heads, and fresh biomass (92.9, 55.1, and 37.9 t ha-1) 

were revealed the highest yield production with the application of 100% RDF, humic acid, and 

Pseudomonas fluorescens. 

Water uptake 

B. oleracea var. capitata has shallow roots in which the roots ranging from 0.4-0.5 m provide 

a significant larger amount of soil moisture to the plant. Under 5-6 mm day-1 of ETm conditions, the 

water uptake rate is minimized during the soil depletion reached to 35 % or when the depletion factor 

p reaches to 0.35. Wang et al. (2019) showed that serials of the root uptake within hydroponic 

condition are as: fenbuconazole, then ivermectin, then thiamethoxam, and then spirotetramat. The 

highly demanded was the thiamethoxam and were easily taken to the plant while ivermectin, 

fenbuconazole, and spirotetramat were shown accumulated inside the roots. 

Irrigation scheduling 
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As B. oleracea var. capitata is a green plant, so the irrigation water regime ranges from 3-12 

days (slightly different in various regions). Under irrigation water deficit conditions, the end of the 

growing period of the crop should be provided multiple times.  

Irrigation methods 

The sub-soil irrigation method is considered best for high yield production while trickle, 

sprinkler, and furrow irrigation methods have also shown good results. Shinde et al. (2020) showed 

in their field trials that the highest cabbage yield production was provided in the micro-sprinkler 

irrigation method with 37 t ha-1, and 35.5 t ha-1 of production with 1 and 0.9 ETc, respectively. The 

maximum WUE revealed was 114 kg ha-1 mm-1 following the drip irrigation method and 0.9 ETc 

content was found, while micro-sprinkler irrigation method provided 7.30% higher yield production 

than the drip irrigation. 

Onion (A. cepa) 

Crop and climate 

Onion, A. cepa originated western and eastern Asia while the total yield production of the A. 

cepa is 46.7 million tons (app.) at the 2.7 million ha. of cultivated land (FAOSTAT 2001). A. cepa 

makes bulbs in the first development season while flowers are created in the second growth season. 

The warm and dry weather is suitable for high yield of qualitative production under the temperature 

ranges between 15-20 °C, while length of the growth stages ranges from 130-175 days (slightly 

different in various regions). Transplantation from nursery to fields of the A. cepa is done after 30-

35 days with the field spacing of 0.3-0.5 × 0.05-0.1 m. The soil pH ranging from 6-7 pH value suits 

best for production. 

Onion fertilizer needs 

A. cepa nutrient fertilizer such as N-P-K requirements ranges from 60-100 kg ha-1, 25-45 kg 

ha-1, and 45-80 kg ha-1, respectively. Mubarak et al. (2018) showed that the nitrogen nutrient fertilizer 
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content (60 kg ha-1) revealed the maximum total bulb yield production was 19.1 t ha-1, bulb dry matter 

was 2.97 t ha-1, and WUE was 1.9 kg m-3 in the full irrigation conditions. El-Hamdi et al. (2016) 

revealed that the commercial yield of fresh and dry masses of A. cepa was increased with the N-P-K 

application following the rate of 50, 50, and 100 kg ha-1. Plant height and WUE was also increased 

by this rate of application in the certain region. 

Table 3.13. A. cepa crop soluble fertilizer requirements at each base dressing (FAO Land and Water). 

Fertilizer Nutrient Requirements 
(Kg ha-1) 
N P2O5 K2O 
37 120 90 

 

Table 3.14. A. cepa crop fertigation requirement after several weeks of transplanting (FAO Land and 

Water). 

Weeks after transplanting plant Fertigation requirements 

 N P2O5 K2O 

2-6 14 - - 

8-12 6.5 - 23 

 

Yohannes et al. (2020) evaluated different yield responses at various irrigation regimes in 

 0.78 dS m-1) and slightly saline seepage water (with 

EC ranges 0.82-2.19 dS m-1) on A. cepa crops. The total yield production variations in between 

various treatments showed a non-significant trend, whereas, some treatment was responsible for 

significantly reducing the yield production, dry mass and bulbs in saline water. 
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Figure 3.18. Onion plant passing through its yield formation stage in the field (FAO Land and Water). 

 

Table 3.15. Onion major crop coefficients significant for the crop production and yield growth 

parameters (FAO Land and Water). 

Stages of development Plant date Region(s) 

Crop characteristics Initial Crop development Mid-season Late Total   

Stage length (in days) 15 25 70 40 150 April Mediterranean 

 20 35 110 45 210 Oct/Jan Arid regions and 
California 

Depletion coefficient (p) - - - - 0.3   

Root depth (Zr) (m) - - - - 0.6   

Crop coefficient (kc) 0.7 >> 1.05 0.75 -   

Yield response factor (ky) 0.45 - 0.8 0.3 1.1   

 

Crop water needs 

Water demands of A. cepa is in between 350-550 mm water. While the crop coefficient (kc) 

at the initial growing period is 0.4-0.6, crop development period is 0.7-0.8, mid-season period is 0.95-

1. 1, late-season period is 0.85-0.9, and harvest is 0. 75-0.85. Enchalew et al. (2016) showed that 

plant height has showed a non-significant trend to water deficit irrigation regime, whereas, total bulb 

dry mass, marketable yield production (15,690 kg ha-1), bulb diameter, and leaf numbers revealed a 

significant difference for water deficit irrigation condition. Abdelkhalik et al. (2019a) revealed that 

the deficit irrigation conditions decreased the commercial yield production of A. cepa. A moderate 

dry mass yield production was achieved with regulated deficit irrigation technique (75% potential) 

of the irrigation water requirements leading to reduce down the dry mass yield production by 4%, 

and increase up the irrigation water use efficiency by 9%. 

Water availability and crop yield production 

A. cepa has shown sensitive responses to water stress regimes particularly the yield formation 

stage of bulb development. An adequate percent of soil water depletion such as < 25 % should be 

maintained. The bulb enlargement could be practiced with high amounts of soil moisture. While the 
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growth stages range from 100-140 days (slightly different in various regions) and including 

establishment stage (30-35 days), vegetation stage (25-30 days), yield formation stage (50-80 days), 

and ripening stage (25-30 days). Adequate irrigation regimes and quantity should be provided at the 

yield formation stage to gain larger bulbs and their maximum weight, while at ripening and vegetative 

stages, the water supply could be saved as required. 

A good crop yield production ranges from 35-45-ton ha-1, while the WUE for harvested yield 

(Ey) of crop is 8-10 kg m-3 under the condition of 85-90 % moisture. Ali et al. (2018) showed that 

the organic poultry manure application in A. cepa crop significantly increased the total yield by 33.9 

tones ha-1, bulb weight by 93.4 g, average bulb diameter by 10.2 cm, and the plant height by 79.3 cm, 

while the varieties "Parachinar local" significantly enhanced total yield by 27.4 tones ha-1, bulb 

weight by 88.1 g, average bulb diameter by 7.7 cm, and plant height by 69.5 cm. 

Water uptake 

A. cepa constitutes a shallow rooting system while 100 % of the water and nutrient uptake to 

plant occurs from the initial 0.3-0.5 root system. The evapotranspiration demand rate in between 5-6 

mm day-1 is considered suitable for achieving higher production, whereas, in condition of 25% of 

depletion of the total available water, the water uptake rates decline. 

Irrigation scheduling 

A. cepa requires less but frequent irrigation regimes within 2-4 days until 25 % of available 

water is depleted in its root-zone. A. cepa is highly fragile to diseases especially in over-irrigation 

conditions where the bulbs got diseases within days including white rot, and mildew. The basin and 

furrow irrigation methods are commonly practiced for the A. cepa cropping systems. 

Pepper (C. annuum) 

Crop and climate 
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Pepper, Capsicum annum has originated from the tropics of America and the total world 

production is 19 million tons grown at 1.5 million ha. of land (FAOSTAT 2001).  The best suitable 

temperature and rainfall conditions for C. annum growth ranges from 18-27 °C, and 600-1250 mm 

per growing season. The perfect growth soil ranges from 5.5-7.0 pH value of soil. Optimum 

temperature for seed germination ranges from 20-24 °C which are transplanted after 25-35 days in 

the field. The total growing period ranges from 120-150 days (slightly different in various other 

regions). Mature and red peppers should be harvested at 1-2-week intervals for 3 consecutive months. 

Pepper fertilizer needs 

C. annum soluble nutrient fertilizer requirements including N-P-K are 100-170 kg ha-1, 25-50 

kg ha-1, and 550-100 kg ha-1, respectively. Youzhe et al. (2016) revealed that the optimal N nutrients 

fertilizer close to the range of 225 kg hm-2 had a significant trend on commercial yield. The N fertilizer 

application at the rate of 194.00 and 192.69 kg hm-2 showed a moderate significant marketable yield 

and WUE at the given location. Coolong et al. (2019) showed that the total marketable yield 

production was highest such as 910 boxes acre with the application of Ca nutrient fertilizers at the 

rate of 196 kg ha-1 N, while the commercial yield production within the range of 600-800 boxes ha-1 

with the application of supplemental Ca at the rate of 224 kg ha-1 N. 

Table 3.16. Pepper (C. annuum) crop soluble fertilizer requirement at each day and development 

stages (FAO Land and Water). 

Pepper growth stages Requirements per day 
(kg ha-1 day-1) 

Requirements per stage 
(kg ha-1 stage-1) 

N P2O5 K2O N P2O5 K2O 

Planting stage 1 0 1 1 0 1 

1st growth stage 0.66 0.24 1.07 119 7 31 

Development stage 2.65 0.95 43 106 38 172 

Maturity stage 1.98 0.72 3.23 119 43 194 

 

Rameshwaran et al. (2016) conducted an experiment on the soil salinity effects on total yield 

production of the C. annuum which showed that higher levels of soil salinity provoked more salt 

accumulation within root-zone of the crop, whereas higher levels of saline irrigation water enhanced 
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the size of the root-zone layers. The study further revealed that higher soil salinity levels significantly 

reduced vegetative as well as the dry biomass yield production of the pepper. 

Table 3.17. Pepper major crop coefficients significant for the crop production and yield growth 

parameters (FAO Land and Water). 

Stages of development Plant date Region(s) 

Crop characteristics Initial Crop 
development 

Mid 
season 

Late Total   

Stage length (in days) 25-30 35 40 20 125 Apr/Jun Europe/Mediterranean 

 30 40 110 30 210 Oct Arid climates 

Depletion coefficient (p) 0.2 >> 0.3 0.5 0.3   

Root depth (Zr) (m) 0.25 >> - 0.8 -   

Crop coefficient (kc) 0.6 >> 1.05 0.9 -   

Yield response factor (ky) - - - - 1.1   

 

Crop water needs 

The crop water requirement (ETm) of the C. annum ranges from 600-900 (1250 mm in few 

regions). While the crop coefficient (kc) at the transplanting stage is 0.4, at full cover kc is 0.95-1. 1, 

and at maturity stage kc is 0.8-0.9. Arya et al. (2017) showed that the observed maximum and 

minimum evapotranspiration (ETo) of C. annuum in the month of December was recorded as 4.59- 

and 1.72-mm day-1, respectively. The kc was kept constant at each growth stage of the crop as 

described by Allen et al. (1998). While the total water requirement of the A. annuum was considered 

as 380 mm for the whole crop growing season. 

Water availability and crop yield production 

A moderate moist soil is required for the high yields of C. annuum. Soil moisture reduction 

at flowering (or before) significantly damages the yield production and the quantity of fruits, while 

the soil water depletion in the root zone should be < 25 %. Water stress regimes at maturity stage 

pushes the fruits to shrivel, malformed, and ultimately affects quality of the fruit pungent. 

The commercial yield production of the C. annuum ranges from 10-25-ton ha-1. While the 

WUE for harvested yield (Ey) in average is 90 % within the range of 1.5-3.0 kg m-3. Bione et al. 
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(2020) revealed that the pepper marketable yield production was shown as 2.87 kg plant-1 using the 

hydroponic systems, in correlation with the 46.1 Mg ha-1 grown at the area of 0.62 m2 plant-1 

cultivated land. David (2018) concluded that C. annuum plants showed a significantly delayed 

competence with 78%-89% reductions in total yield by weight, 59%-93% reduced development in 

plants, and 58% reduced marketable yield. While the C. annuum treated to Scarface provided 32% 

higher commercial yield, 15%-18% heavier fruits (weight), and 9-12% more market benefits than 

 

Water uptake 

Pepper shows a revolutionary two types of rooting systems; tap rooting system and lateral 

rooting system which are divided into transplanting and field growth periods, respectively. The 

rooting system ranges between the first 0.5-1.0 m provides a significant amount of soil moisture and 

nutrient fertilizers (Sarafi et al. 2018). Ropokis et al. (2019) presented that different grafting regimes 

in C. annuum can significantly affect the yield production and nutrient uptake, and may not only 

depend on the genotype rootstock but also on the combination of the rootstock or scion. 

Irrigation scheduling 

For high yield production of C. annuum, the soil water depletion should be maintained in 

between the range of 30-40 % of the total available soil water in the root zone. This moisture level 

could be kept normal by 4-  

Irrigation methods 

For high yielding capacity of C. annuum, the sprinkler and drip irrigation methods are 

considered suitable while for good yield production, the irrigation methods of surface and furrow are 

considered to apply. 

Tomato (L. esculentum) 

Crop and climate 
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Tomato, L. esculentum is the highly demanded crop after potato crop. At 3.7 million ha. land 

production of tomato vegetable crops appears to around 100 million tons (FAOSTAT 2001). The 

suitable mean daily temperature (day time) for growth is 18-25 ºC, while above 25 ºC minimizes the 

vegetative production, and fruit growth in a significant quantity. Well drained soil conditions with 5-

7 pH value prohibits fruit rotting, different crop and fruit diseases, bacterial wilt, and pest attack. To 

avoid diseases, tomatoes should be grown with the cowpea, cabbage, and maize crops in rotation. 

Tomatoes are a little sensitive to salinity stress in soil especially the germination and early growth 

stage. Soil salinity when followed by drought conditions, leads to affect photosynthesis and impacting 

-tolerance factors (Gururani et al. 2015; Murchie et al. 2010). 

Table 3.18. Tomato major crop coefficients significant for the crop production and yield growth 

parameters (FAO Land and Water). 

Stages of development Plant date Region(s) 

Crop characteristics Initial Crop 
development 

Mid-season Late Total   

Stage length (in days) 30 40 40 25 135 Jan Arid regions 

 35 40 50 30 155 Apr/May California 

 25 40 60 30 155 Jan California desert 

 35 45 70 30 180 Oct/Nov Arid regions 

 30 40 45 30 145 Apr/May Mediterranean 
regions 

Depletion coefficient (p) 0.3 >> 0.4 0.5 0.3   

Root depth (Zr) (m) 0.25 >> - 1.0 -   

Crop coefficient (kc) 0.6 >> 1.15 0.7-
0.9 

-   

Yield response factor (ky) 0.4 1.1 0.8 0.4 1.05   

 

Tomato fertilizer needs 

Tomato requires N in a high amount during its vegetative stage and utilizes about 150 300 

kg ha-1 of nitrogen (Dumas 1990). Nitrogen requirements of tomatoes are revealed maximum (100-

400 kg ha-1) after the vegetative stage (Warner et al. 2004; Geisseler et al. 2020) reveals that N-

application rates do not increase or decrease tomato crop yield as total N in fruits were not affected 
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by fertilizer with 60.6% in 2017, and 67.2% in 2018. Tomato fertilizer requirements are rather high 

than the other crops (Zucco et al. 2015). 

Barzee et al. (2019) studied the ultra-filtered dairy manure digestate biofertilizer (DMP). 

Study revealed the maximum tomato crop yield with 7.13-ton ha-1, followed by food waste digestate 

-1, and Nitrogen-N fertilizers with 5.98-ton ha-1. Khan et al. 

(2019) showed an increase in the fruit mineral traits and size diameter, crop water content, nutrient 

availability, fresh and dry biomass, chlorophyll availability, flowering quantity and size, and fruit 

quality and quantity. 

Table 3.19. Tomato crop soluble fertilizer requirement at each development stage and their respected 

crop coefficient (FAO Land and Water). 

Tomato growth stages Requirements per day 
(kg ha-1 day-1) 

Requirements per stage 
(kg ha-1 stage-1) 

Tomato crop coefficient 
(kc) 

N P2O5 K2O N P2O5 K2O 

Initial stage 1 0 1 1 0 1 0.6 

Crop-development stage 1.17 0.27 1.86 17 4 27 >> 

Mid-season stage 0.6 0.2 0.9 6 2 9 1.15 

Late stage 1.2 0.3 1.9 24 6 38 0.9 

 

-1 to the tomato crop plants. The N, P2O5, K2O, 

and Zn fertilizers revealed an increase in the crops yield, with 130 mg ha-1 -1 

in 2018. 

 

 

Crop water needs 

Tomato crop water requirement in field conditions ranges from 400-600 mm (for tomatoes of 

growth cycle 90-120 days). The water requirement of a crop is highly dependent on the reference 

evapotranspiration (ETo), and crop factor (kc) given in mm/period which reveals differences in every 

growth stage of the crop. In Italy, Rinaldi et al. (2007) revealed frequent application rates have a high 
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impact on its water use efficiency, while the seasonal irrigation water application rates (600 and 800 

mm) showed a low water use efficiency. 

In southern Italy, tomato vegetable crops produce 200 fresh and 120 t ha-1 dry total biomass 

followed by an average irrigation requirement of 400 mm (generally depends on climate). Seasonal 

irrigation rates (600-800 mm) prevent drainage and N-leaching in tomato crops. Ewaid et al. (2019) 

revealed values of ETo and effective rainfall with 2.18-10.5 mm day-1 and 0.0-23.1 mm, respectively. 

The crop Water demands for tomatoes revealed (1180) mm dec-1 while the seasonal and net irrigation 

for tomatoes showed 203.3 mm and 142.3 mm, respectively (Katerji et al. 2010). 

Water availability and yield production 

In tomato, fruits are ripened while the flowers are growing and maturing while in other varieties 

three periods to mature flowers can be related with the three harvest periods. The continuous irrigation 

application for tomato crops develops fruit juice, color, shape, and size but acidity and dry mass 

content will negatively be impacted. Tomato yield related to the range in between 45- -1 

fruit (fresh quality) is considered as the best yield. While the WUE for fresh tomato yield (harvested) 

is considered as 10-12 kg m-3. The tomato crop water application depends on the end product such as 

if used for salad, requires less amount of irrigation water or if used in paste, requires a high amount 

of irrigation water. Liu et al. (2019) showed that irrigation water deficit conditions significantly 

impacted all the growth stages with low yield. The study examined 75% of ETc revealed to be a 

balanced irrigation application for crop yield quality and quantity, crops lycopene concentration, and 

a higher level of total carotenoids level (Takacs et al. 2020). Lovelli et al. (2017) claims the total yield 

of tomato vegetable crop minimizes by 37% (yearly rate) during 50% of the irrigation and crop 

evapotranspiration (ETc), while the maximum crop yield was examined under the 100% irrigation 

and ETc conditions. A study revealed that the irrigation depth above 80% (ETc) enhances the tomato 

fruit production, leaf area index (LAI), and crop growth rate (CGR) (Monte et al. 2013). 
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Table 3.20. Tomato crop growth stages and their length until the first harvest stage (FAO Land and 

Water). 

Stages Development stages Stage length (days) 

0 Pre-vegetative 25-35 

1 Vegetative 20-25 

2 Flowering 20-30 

3 Yielding 20-30 

4 Maturity 15-20 

Total  100-140 days 

 

The tomato crop is moderately sensitive to water deficit experience in field conditions, and 

highly sensitive during flowering and yield formation stages, affecting the flowers to lose and 

ultimately drop. The water stress condition during the vegetative stage of the crop shows a significant 

root growth development. 

Irrigation water uptake 

Tomato crops have a moderate deep rooting system with 1. 5 m deep roots (during maturity 

stage) into the soil. The 80% crop water requirement is fulfilled with the 0.5-0.7 m rooting system, 

while the remaining Irrigation water uptake is being provided by the 0.7-1.5 m crop rooting systems. 

In a special condition of 5-6 mm day-1 maximum evapotranspiration (ETm), the total available soil 

water impacts the crop Irrigation water uptake if it shows the availability of less than 40%. 

Romero-Aranda et al. (2001) showed that Irrigation water uptake of tomato vegetable crops is 

minimized when electrical conductivity is increased. Studies by Schwarz et al. (1998) shows that at 

9 dS m-1 (EC), Irrigation water uptake of the plants was minimized to 60 %. De Swaef et al. (2012) 

claims that a decrease in hydraulic conductivity lowers-down the water-uptake potential of the tomato 

crop plants in a significant amount. 

Irrigation scheduling 

For tomato crop, heavy irrigation application and water deficit conditions at any stage could 

seriously damage the crop growth and fruit production. High care is required in irrigation during the 
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flowering stage, any stress factor or over irrigation could damage flowers, inhibit longer vegetative 

stage, and later on maturity delay. 

The perfect environmental conditions for salad tomato crop are regular irrigations, lit-day, and 

well-distributed with the soil-depletion below 40% (p < 0.4). Which are the suitable conditions for 

tomato growth and promotes maximum production yield and quality. While for the tomato paste crop, 

a high irrigation quantity is required at the pre-flowering stage. 

A study carried out by Liu et al. (2013) showed that the irrigation quantity (total), seasonal ETc, 

and crop yield (Y) revealed 185.1-365.8 mm, 249.1-388.0 mm and 99.6 151.8 t ha-1, respectively 

and enhanced crop yield, fruit number, total soluble solid (TSS) content and its yield, fruit firmness, 

WUE, and irrigation WUE, but no effect on fruit weight (mean), fruit diameter, and length of stages. 

Said et al. (2013) revealed that the WUE with a higher value (7.33 kg m-3), intelligent control system 

(ICT) revealed a rather lower value under (5.33 kg m-3). 

Irrigation methods 

For tomato crops, the surface (in furrows) and drip irrigation methods are considered as highly 

successful irrigation methods. In sprinkler irrigation methods, there is a high chance of fungal and 

bacterial canker diseases attack, fruits may experience fruit rotting, leaf burn and other crop growth 

problems may persist. Studies of Malash et al. (2012) confirms that drip irrigation method in tomato 

crops enhances crops growth, yield and WUE, in regards to furrow irrigation method. Malash et al. 

(2012) utilized 3 dS m-1 of saline water and revealed the yield parallel to the non-saline treatments 

during the drip-irrigation method. 

Alomran et al. (2012) applied subsurface drip irrigation method at 2 L h-1 flow rate, and 

revealed that fresh application of saline water with 6 L h-1 flow rate minimized the high cost of water 

desalination and saline water effects. A study validated that partial root-zone irrigation method 

minimizes the leaf transpiration rate, and fruits organic acid content (by 5.3%), but maximizes the 
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leaf and yield WUE, root-zone activity, fruit yield production, soluble sugar in fruits (by 4.5%), and 

Vitamin-C content (by 12.6%) (Yang et al. 2012). 

Watermelon (C. lanatus) 

Crop and climate 

Watermelon, known also as C. lanatus, originated in the tropics and subtropics of the African 

region while the total crop production is 77.5 million tons (app.) cultivated at 3.1 million ha. land 

(FAOSTAT 2001). The suitable growth temperature is hot and dry and the crop development 

provokes significant good yield in the temperatures ranges from 22-30 °C, while the temperature 

must not be higher or lower than the range such as 18-35 °C. The fruits constitute the 11 % sugar 

content are considered as better yield production, while the crop completes its growth stages in 80-

110 days (slightly different in other regions). The good production of C. lanatus can be provided with 

5.8-7.2 pH value of the soil. 

Watermelon fertilizer needs 

The nutrient fertilizer requirements for high yield production are 80-100 kg ha-1 N, 25-60 kg 

ha-1 P, and 35-80 kg ha K recommended rates. Kang et al. (2020) revealed a linear development 

ranging from 60 70% in C. lanatus total yield production. The study utilized a balanced number of 

nutrient fertilizers (N, P, and K) for the production of 1000 kg yield. The study applied nitrogen 2.11 

kg, phosphorus 0.27 kg, and potassium 2.69 kg for the crops, while the internal efficiencies (IE) 

recorded N-P-K valued for the 475, 3682, and 372 kg fruit per kg of nutrient fertilizers, respectively. 

Du et al. (2019) recorded that the C. lanatus yield production showed an increasing trend ranging 

from 27.4%, 30.2% and 31.6%. The nutrient fertilizers including N-application increased the yield 

ranging from 26.3%, 39.8% and 47.4%, P-application improved the yield by 48.3%, 49.3%, and 

55.9%, while the K-application increased the yield production of C. lanatus by 35.8%, 41.6% and 

51.9%. 
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Pinheiro et al. (2019) recorded that the watermelon growth production is affected by the soil 

salinity stress. The treatments in better soil showed an increasing trend in week 4 and 7 at field 

conditions rather plants experienced soil salinity stress with 20, 25, 30 and 35% of exchangeable 

sodium ions. The study showed that watermelon is sensitive to the soil salinity stress. 

Table 3.21. Watermelon major crop coefficients significant for the crop production and yield growth 

parameters (FAO Land and Water). 

Stages of development Plant 
date 

Region(s) 

Crop characteristics Initial Crop 
development 

Mid-season Late Total   

Stage length (in days) 20 30 30 30 110 Apr Italian region 

 10 20 20 30 80 Mar-
Aug 

East desert regions 

Depletion coefficient (p) - - - - 0.4   

Root depth (Zr) (m) - - - - 0.8   

Crop coefficient (kc) 0.4 >> 1.0 0.75 -   

Yield response factor (ky) 0.45 0.8 0.8 0.3 1.1   

 

Crop water needs 

If the evaporative demands of the C. lanatus are completed, the irrigation intervals may be 

kept within the range of 6-8 days (depends on region to region). The crop coefficients (kc) at different 

growth stages varies and starts from the initial growth stage. At initial stage, kc is 0.4-0.5, kc at 

development stage is 0.7-0.8, kc at mid-season stage is 0.95-1.05, kc at late-season stage is 0.8-0.9, 

while at harvest kc is 0.65-0.75. Abdelkhalik et al. (2019b) applied the irrigation water requirements 

(IWR) ranging from 100, 75 and 50% and a treatment experienced a deficit irrigation with 75% IWR, 

while few experienced 50% IWR in different growth stages. The study concluded that a reduction in 

yield biomass, total commercial yield, fruit weight and size, and HI shoed a non-significant increasing 

trend. Pejic et al. (2016) revealed that watermelon yield production under irrigated regimes (398 mm) 

recorded 37.28 t ha-1 with a highly significant trend, while the treatments in a water stress regime 

(117 mm) showed 9.98 t ha-1. 

Water availability and yield production 
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In conditions of the soil depletion where 50-70 % of available soil water has depleted, the 

irrigation should be provided accordingly. The C. lanatus has the capacity to provide moderate yield 

such as 15-ton ha-1 in dry and arid regions. The total growth stages range from 80-110 days. C. lanatus 

provides 4-fruits plant (depends on the pruning season-1), while the harvest stage depends on the fruit 

number plant-1. Late flowering or early vegetative stages are sensitive to water deficit and if 

experienced water deficit, a significant loss of yield may occur, while better if water deficit conditions 

are provided during the ripening stage which provide highest fruit quality. 

The marketable yield of the C. lanatus from 25-35-ton ha-1 is considered as good yield 

production while the WUE for harvested yield (Ey) for 90 % moisture ranges from 5-8 kg m-3. Fuentes 

et al. (2018) recorded that the drip-plastic and -bare irrigation methods provided 46 and 60% reduced 

water saving capacity, while the furrow irrigation recorded better. Whereas, the maximum WUE was 

recorded at the drip irrigation method by recording plastic mulch at about 27.6 kg m, and bare soil 

recorded 23.1 kg m. Pereira et al. (2017) assessed different loss variables relating to the physiological 

aspects and bacterial, fungal, and insect attack, and discovered models to increase crop yield. While 

major variables responsible for watermelon yield reduction are abnormal fruits, flower abortion, and 

crop death attacked by Didymella bryoniae. The study shows that the crop yield reduction is 

maximum in humid and rainy season. 

Water uptake 

The roots of C. lanatus constitute an extensive system with the 1.5-2 m in depth. The first 1.0-

1.5 m of the rooting system provides the major soil moisture and nutrient fertilizers present in the 

root-zone. Under the conditions of 5-6 mm day-1 (moderate) evapotranspiration, C. lanatus depletes 

the root-zone available soil moisture to 40-50 %. 

Irrigation scheduling 

The frequent irrigation regimes such as 7-10 days must be provided for high yielding C. 

lanatus. Under water deficit and water saving strategy conditions, irrigation schedules should be 
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created for growing stage, late vegetative stage, flowering stage, and yield development stage 

(preferred water deficit condition to maximize sugary-material, and avoid fibrous and less juicy 

content) while 50% soil water depletion should be kept as maximum. 

Irrigation methods 

The irrigation stress regimes may not affect the number of fruits but their quality including 

fruit size, bad shape, and lighter weights. The furrow and drip irrigation methods are considered as 

the high yield predicting methods, while flood or spate irrigation methods following the 250-350 mm 

irrigation water application have shown some significant positive results. 

3.5. Data collection (2019 2021) 

Crop growth is considered as a sensitive factor to environmental factors. They affect crop 

yield, production, and cropping system with huge spatial differences. The data was collected for all 

the test fields with the years 2019 2021. Various models were tested for the environmental 

parameters data collection such as temperature, humidity, wind, rainfall, and Ultraviolet (UV) 

radiation. 

 
Figure 3.19. Test fields and weather stations in the Italian region using MeteoInMolise and iLMeteo 

resource (Google Maps). 
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3.5.1. MeteoInMolise and iLMeteo Resources

Figure 3.20. Official MeteoInMolise of the Molise region.

The MeteoInMolise was initiated in 2015 which was used to collect real-time data for Molise 

region. The official site is focused on to become the region's meteorological research resource and 

grow as a network of WMO established meteorological platform and aims to develop strategic 

collaborations with other networks.

Figure 3.21. Official iLMeteo resource of the Molise region.

iLMeteo is a technological association working since 2000. The team from those years have 

created novel empirical and mathematical techniques for weather forecast analysis. The resource is 

considered for the provision of facilities and communication of meteorological forecasts and is 

considered to be the premier Italian weather resource (Audiweb 2019).

For particular days when the rainfall data is not available, MeteoInMolise and iLMeteo

official resource provided a whole set of observations from 2019 2021. The MeteoInMolise and 

iLMeteo official resources provided the data which were found with issues due to which a corrected 

factor was implemented. So, the recorded data (2019 2020) was corrected using the tested methods. 

The four models were utilized and created data for these missing months so that it could fill the 

available gap for those months. The correction factor was performed using these models based on 
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these procedures. The first procedure was to compare the acquired MeteoInMolise and iLMeteo data 

with the first model on daily basis and estimate the results of these two datasets. The second procedure 

is to compare each acquired dataset with the average value of the second model (then third, and 

fourth). The relationship of MeteoInMolise and iLMeteo and four model data was measured using 

both the aforementioned procedures on weekly basis. For every 7-days timeline, the greatest 

relationship of both of these methods were examined while the gaps were filled to analyze the dataset 

for quality results. 

Temperature data was collected on day-to-day minimum, maximum and average temperature 

using the official resources to estimate the crop evapotranspiration and phenological growth. 

Humidity data was measured from 08:00 to 20:00 (depending on the summer and winter seasons) and 

calculated the daily humidity average value. For wind data collection, corrected factor was performed 

(Allen et al. 1998) so that the boundary layer inconsistency and the vapor pressure buoyancy remain 

consistent. Rainfall data was collected using the MeteoInMolise, iLMeteo and the system whereas 

high variations were revealed between the total rainfall values of the dataset which were updated 

using the correction factor. Ultraviolet (UV) radiation data was acquired using the regular incident of 

sunshine hours depending on the cloud cover. The collected environmental data was processed and 

recognized for any errors and was updated with the correction factor (Table 3.22). 

Table 3.22. Corrected datasets for weather forecast factors using the MeteoInMolise, and iLMeteo 

Weather Forecast resources (FAO Land and Water). 

Parameters Maximum Minimum Measurement 

Maximum Temperature (Tmax) 40 10 °C 

Minimum Temperature (Tmin) 30 0 °C 

Average Temperature (Tave) 20 5 °C 

Relative Humidity (RH) 80 40 % 

UV-Radiation 30 10 MJ m-2 

Air speed 15 0 Km h-1 

Rainfall 5 0 mm day-1 
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The collected data was a large set of formulations which was processed using mathematical 

and empirical methods. This method includes the recognition and updation of the datasets by 

validating the quality control check for the corrected figures (Table 3.22). The corrected figures were 

mapped using the annual parametric average of the local region. It consists of data sharing channel 

for logical monitoring of the data and minimize the differences. The updated data was later verified 

to guarantee the range without any strict overlay. The validation also includes verifying the factors 

for consistency trend along with other factors. Such as the consideration in maximum temperature 

should be kept as above than the minimum temperature at the given field. After the successful data 

correction process, the data was installed into the web based desktop platform and was further 

analyzed. 

Daily Temperature 

The daily temperature data was acquired for maximum, minimum and average daily 

temperatures in each field. The data was collected from the official resources while the daily average 

temperature was measured using the average of maximum and minimum (Doorenbos et al. 1977): 

 Tavg = (Tmax + Tmin) 
          2 

3.1 

 

The continuous temperature measurements were recorded. Data validation was conducted by 

determining different issues using the data comparison and correlation methods. The data comparison 

method consists of analyzing the collected data by estimating them with the other data. Each 

estimated data was compared with the temperature recordings of a different time on the same day. In 

this way, the greatest correlation resulted to reveal. The second procedure is the correlation 

examination of data recording to complete and data recording on the preceding days and comparing 

them with other trials. The analysis, based on comparison, resulted in developing relationships of 

temperature recordings for each time the measurement was conducted on daily basis. 
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The calculation was based on the daily average temperature as recordings were collected from 

08:00 to 20:00 on daily basis. The accurate calculation of the temperature data was acquired as the 

collection method was based on a high number of representative measurements. As complete 

observations of the temperature datasets were available, the average temperature was precisely 

measured. The second option of measuring the daily average temperature was to measure it from the 

maximum and minimum temperature data with the help of the equation 3.1. The empirical method 

provides correlation analysis on the collected temperatures using official Italian resources and the 

system collected recordings. While the highest correlation in measuring the maximum and minimum 

temperature values were found to have few issues which were addressed. 

The corrected analysis developed a set of logical datasets based on the minimum temperature 

values for all the test fields. Even in conditions of the north, south, west and east regions provided 

diverse set of rainfall data, the minimum temperature data got a huge impact by this pattern which is 

monitored in all the test fields. At Campobasso (Lat. 41.55947, Lon. 14.66737) station, the system 

acquisition data recorded linear trend than the official resources. The system acquisition is considered 

highly recognized upon a slighter influence from environmental direct contact. Upon analysis of the 

other test fields, a slightly different temperature recordings were acquired due to plain areas, while 

the system was supposed to perform the correctness check at few datasets. Minimum temperature 

data was observed in Late-January at one test field while the others collected them while the data was 

added for the first one using the correctness factor method. 

The four models were not considered to acquire the best temperature data especially the 

maximum temperature. The datasets collected from the humid test fields of Apulia region 

(Montemesola, and Castellaneta) were determined in an accurate shape. The temperature data at 

Marina di Ginosa were constantly corrected for the value up to 8 °C. The south and east temperature 

patterns were recorded for maximum temperature using the official resources such as MeteoInMolise 

and iLMeteo. Except Campobasso, the test fields recorded highest temperature data from May-July 
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while the highest corrected data was recorded for the rainy months in December and January. The 

datasets were constantly overestimated for the Campobasso east zone while underestimated for the 

west zone. 

The annual temperature analysis provided by the solar fertigation system for all the test fields 

appear parallel to the average annual correlation R2 = 0.58 for minimum temperature, while for the 

maximum temperature, R2 = 0.51. The rainy season correlation showed a poor trend. General features 

of south European region show that the diurnal temperature hours (in summer) are lower than the 

temperature difference on yearly basis. The study shows accurate prediction of the diurnal 

temperature hours (Equation 3.10), a method is provided for accurate estimation of the incoming UV-

Radiation using the Hargreaves Samani empirical method as; 

 ET = 0.0023 × (Tave + 17.8) × (Tmax - Tmin)0.5 × Ra 3.2 
 

where 0.0023, and 17.8 are considered as constants in the H S empirical method. Tave is the 

average measured temperature, Tmax is the maximum measured temperature, and Tmin is the minimum 

measured temperature. While, Ra is the extraterrestrial radiation received at the surface of the earth. 

Validated measurements were given for the Campobasso-N test field while its magnitude for 

the diurnal period was recorded low in winter/rainy season. At Campobasso-S, the data related to the 

diurnal period was corrected for up to 8 °C where it needed. The average temperature data was tended 

to forecast the plant phenological growth, and evapotranspiration potential. However, the recorded 

data of the system needed to be corrected by underestimating the average temperature hours for the 

winter/rainy months for all the test fields. 

The system data was considered as to provide the annual temperature datasets; however, 

issues related to cloud cover were found, which were not accurately measured in particular fields, 

and later corrected using the comparison method. These issues were also relevant for the rainy/winter 
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seasons that showed a high margin in tendency due to which the correlations of the solar fertigation 

system and the official resources were evaluated for 7-day timeline. 

Daily relative humidity 

The daily relative humidity (RH) data was collected with the help of the official resources. 

The humidity at different zones of the field was presented and analyzed by the solar fertigation web

based desktop platform. The real-time atmospheric pressure (ea) was also acquired using the resource 

and compared with the empirical method of Bolton (1980): 

 

 ea = cea × RH × 0.6108 exp (17.27 Tav) 
                           100                      Tav + 237.3 

3.3 

 

The variable cea in the equation 3.2 shows the corrected factors to avoid bias as this method 

is highly preferred due to the availability of the ea average data. MeteoInMolise official resource 

further provided the calculations on bias parameters. This vapor pressure value was compared with 

the MeteoInMolise value (using the weekly estimation), the cea value revealed as 0.75 for all the tested 

fields. The particular temperature trend based on long-term rising-minimum was implemented due to 

the ability of the air to preserve high moisture at night and reduced condensation will occur. The daily 

RH values are measured by many researchers using Equation 3.2 in an alternative order with different 

time-line. The set hypothesis is based on the Bolton (1980) analysis that support the flat graph values. 

The measured data for the parameters cea, as revealed, 0.75 underestimated the RH values, 

due to which was corrected to an exact figure of 1 (Houérou 2009). The RH data from 2019 to 2020 

was recorded higher than in preceding year. One significant factor known as saturated vapor pressure 

(SVP) is the amount of water vapor needed to saturate the particular part of air at a specific time of 

the day. SVP is represented as es
a and is measured using the equation 3.3 with the corrected cea factor 

of 1 and RH as 100. The equation 3.3 is considered as a non-linear empirical approach based on 
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underestimating the SVP. In an alternative solution, the SVP is measured using the equation 3.2 by 

using the minimum and maximum temperature values (Allen et al. 1998): 

              0.6108exp (17.27Tmax) + 0.6108exp (17.27Tmin) 
                                                             100                             Tav + 237.3 

                 2 

 
3.4 

 

Though SVP is considered as a dependent factor of temperature, its variation provides a 

significant difference. An assessment was performed for the SVP validation using the mathematical 

and empirical approaches of MeteoInMolise and iLMeteo official resources as mentioned in equation 

3.3 to underestimate the 12 hours SVP and overestimate 24 hours SVP values. Both of the factors 

resulted in a diverse set of values such as for 12 hours which revealed cea as 0.95, while for 12 hours 

the cea revealed as 0.82. For this reason, VPD is used for the determination of the evapotranspiration 

and the crop phenological stages. As mentioned below, equation 3.4 determines the difference of the 

vapor pressure deficit and SVP which is follows as:  

 VPD = es
a - ea 3.5 

 

Daily wind 

The daily wind data supports the accuracy of the evapotranspiration which is estimated at 2 

m height from the soil surface. Corrections can be applied for the height which is different from 2m 

above the ground. The wind data in the trials was recorded from 08:00 to 20:00 while the 24-hour 

data was not collected which was analyzed using the estimation method from regular monitoring. 

During the wind data collection, the wind speed during few hours of the day was monitored to be 

less, which was estimated as an average of the monitored data from 08:00 to 20:00. It was further 

noted that in few days the average data goes beyond the 15 km ha-1 which was later corrected using 

the comparison method and corrected figures were put into the data. However, the wind speed at 

larger crop canopies is weaker which were corrected for a realistic analysis. 

es
a = cea 
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Acquisition of the real-time average wind speed data is highly complex due to which the 

MeteoInMolise data from 2019 to 2021 were analyzed and compared with other values available in 

the literature (Thevs et al. 2021). During the data collection by the system, the wind data was recorded 

to be consistent while the iLMeteo datasets recorded higher values than the other. The comparison 

between the system data and the iLMeteo data showed a gap that results in higher and lower values 

and is still needed to find out if it appeared due to environmental parameters or a different technology. 

Upon validation, the iLMeteo data was compared and inserted a corrected factor which revealed a 

similar pattern with Karthe (2018). 

During the summer months (May-Jul), wind speed was recorded to be minimum in all the test 

fields. The solar fertigation system developed the particular trends which consisted of corrected 

factors in different test fields. The factors such as wind speed data acquisition is a technical process 

due to regional specific and anemometer system particularities and their calculation methods. The 

solar fertigation wind speed data recorded a non-linear trend which needed to implement high level 

of correction factors followed by an annual correlation of R2 (0.09). 

The mean wind speed data recorded shows that the wind speed has increased in years from 

2019 to 2021 by 0.50 %, though the increasing trend was previously predicted in the solar fertigation 

web based desktop platform and the analyzed data acquired from the official resources. This might 

be due to the reason of air pressure variations during these years. As the wind blows in a horizontal 

direction from high pressure zone to low pressure zone. The wind speed is estimated by the gradient 

of atmospheric pressure difference between these two pressure zones. The higher the air pressure 

variation, the faster the wind speed (Wu et al. 2018). 

Daily rainfall 

The daily rainfall data was collected on daily basis using the official Italian web based 

resources. Each of the list consists of total daily rainfall for particular hours and corrected factors 

were adjusted for number of hours, if missing. The days during the test were divided into six 4-hour 
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period based on iLMeteo official site. Some of the periods measured no rainfall while others recorded 

numerous measurements. For accurate rainfall data analysis, the data were adjusted in a sequence. 

The adjustment included analysis of the 4-hour period to correct any dataset that needs to be adjusted. 

Analysis was based on: a) number of daily rainfall hours if multiplied with 3; b) datasets based on 

is not supposed 

to be; and d) half of the data acquired in 4-hour period is able to compare with another data. The data 

were updated if two of the above parameters meet; in this sense, 11 datasets were updated 

accordingly. 

Further updates were performed in unnecessary data in the form of short periods, which 

appeared during long term rainfall data collection. The short-term data were overwritten with the 

long term data. In 200 datasets of short-term data, it was noted that the short-term data is larger in 

number and shows a non-continuous trend. After completing this analysis, further data was still found 

to be available in a large amount for those days when rainfall were not present with short- and long-

term datasets. 

Long-term rainfall data was acquired from 2019 to 2021 for all the test fields with the help of 

MeteoInMolise. The data collected from these official resources were analyzed for any corrected 

factors which revealed that MeteoInMolise consists of multiple datasets with similar readings while 

iLMeteo contained just a single reading. This shows that the reading collected was over-written at 

the first one. There is a less chance that few rainfall events would provide the similar rainfall data, 

the second recorded reading was marked as zero. Many readings, such as 220 were affected. This 

happens more in the starting months of winter season where the rainy months are approaching and 

previous records were preserved in the system while new lists are made for new months. 
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Figure 3.22. Daily rainfall annual series for the MeteoInMolise and iLMeteo official resources. Every 

value in the dataset is considered as an annual average of all the fields in Italy. 

Data is analyzed with high rainfall record from December to March and minimum from April 

to August. At the minimum rainfall months, the corrected value for each day is estimated as zero mm. 

Other days such as 40 periods, showed no rainfall data for seven consistent days. The validation 

process was initiated to assess the data collected using these two resources for magnitude and 

distribution of rainfall. The yearly rainfall was compared from the years 2019 to 2021, the rainfall 

events of all the test fields using iLMeteo official resource was analyzed based on comparison method 

with the MeteoInMolise official resource and adjust on daily basis for the proximity values of the 

rainfall. The maximum value was noted for every field on annual basis. In 3 from total 5 groups, the 

nearest corrected value in the MeteoInMolise resource was set to put forward. For other situations, 

MeteoInMolise dataset was checked and adjusted as mentioned before. The adjustment was 

conducted only if values fall into the estimated range from 10 to 50%. Those values fall into the given 

ratio shows a strong correlation for the collected two datasets, while other values with low ratio 

dropped off. The rainfall measurement datasets were acquired with similar gauge or unit in all the 
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test fields. It was extremely taken care of not to make any mistake during the rainfall data acquisition 

and analysis stage due to the complex correction methodology of the large datasets. 

The correction procedures of the rainfall data acquisition and analysis shows low accuracy of 

data collection of the websites. MeteoInMolise shows minimum issues and a validation of continuous 

rainfall results with a repetition in the linear trend which is considered to be highly accurate. The 

same process for data validation at different fields recorded 100 more similar datasets collected 

through the MeteoInMolise resource. It results in suggesting that the MeteoInMolise resource is 

considered as highly accurate for crop management. The MeteoInMolise will also be analyzed after 

2021 research with days of empty data cells; the Figure 3.22 shows that rainfall events occurred 

mostly prior to the 2020, through which it could be concluded that the estimation methods in this 

timeline have developed using empirical models and systematic technologies. 

The acquisition of rainfall data shows a variable trend in temporal and spatial aspects. Few 

test fields are located on mountainous while others are located in plain regions. In mountainous region 

(Campobasso), the rainfall events happen on particular zones as showed by four models to implement 

the corrected factor due to which the measurements were recorded in a non-linear trend for their 

intensity, frequency and size. For plain region test fields, the data recorded significant linear trend 

with low adjustments for all the test fields from the years 2019-2021. The data in plain regions was 

compared on the basis of mean rate of rainfall events, while the solar fertigation system measured 2.1 

mm in each occurrence in comparison to the official resource 2.9 mm per occurrence. 

The solar fertigation system data is based on a late acquisition of the rainfall occurrence in 

most of the test fields. Rainfall events initiate with short frequencies, and keep on occurring with an 

irregular, and reduced interval rather than the measured. The rainfall rate measured by the solar 

fertigation system, particularly in heavy rainfall conditions in Campobasso, was recorded very low at 

south test fields which are the plain areas. The data recorded in the months from Apr-Sep showed a 

logical trend where minor adjustments were performed. For the initial few months of the data 
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recordings, the solar fertigation data tend to be adjusted only for heavy rainfall or winter months. 

Considering the above presented studies, it is concluded that the solar fertigation rainfall data need 

to be adjusted in a minor quantity, however, in an overall analysis, the developed solar fertigation 

system provided significant datasets which could analyze the required factors in an optimum way. 

Daily ultraviolet radiation 

The daily ultraviolet (UV) radiation data acquisition recorded minor changes in the tests. The 

four models adjusted the UV-radiation data for all the tests during the rainy months, which caused 

variations due to the extremely low temperatures, dense clouds, and high fog even at day time. The 

data acquired during the summer months showed a linear trend, however, the solar fertigation system 

needed to adjust few datasets related to the UV-radiation at few test fields. Four datasets were noted 

which showed a constant linear trend although the MeteoInMolise official resource recorded to be 

slighter higher in few regions. The data analyzed shows that the mean annual UV-radiation 

maximized by 0.30 % from the years 2019-2021, that is considered as an 8 % increase in the sunshine 

hours. This increase in the years from 2019-2021 shows that the climate change effects are impacting 

the region and its relevant factors. It is clear from the study that the data related to an increase in the 

solar radiation is collected in an accurate method. The increase of the UV-radiation is highly recorded 

at the Marina di Ginosa from all the test fields. The increase does not record any significant effect on 

cropping systems and growth parameters. 

The UV-radiation data was acquired from 2019 to 2021 using the MeteoInMolise and 

iLMeteo official resource. Official resource such as photovoltaic software (Simulation and Design of 

Solar Systems) provide PV-solar radiation data from about 1960 till today. The MeteoInMolise 

resource provided the UV-radiation data for the day time hours and previous historic data, following 

similar gauge or unit with the rainfall factor. Doorenbos et al. (1977) showed the accurate cloud and 

sunshine data with consistent values (Table 3.23). 
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Table 3.23. Corrected adjustment factors for UV-Sunshine Radiation and cloud cover parameters 

based on Doorenbos et al. (1977). 

Cloud Factor Corrected 
Factor 0 

Corrected 
Factor 1 

Corrected 
Factor 2 

Corrected Factor 
3 

Corrected Factor 
4 
 

N / n 0.90 0.80 0.70 0.60 0.50 
 

N is considered as the number of daylight hours, while n is considered as the number of sunshine hours. 

The UV-Radiation data was not collected from August 2020 till April 2021. In this timeline, 

the number of hours for the radiation was determined from available cloud cover hours. The available 

cloud cover hours were analyzed with the help of the okta gauge (min 0 and max 8). The data 

availability quality was dependent on the collection method. The available cloud cover hours were 

collected by resulting an average value for all the previous observations in hours. 

For this reason, various techniques were used for the analysis of the UV-Radiation in hours 

from the available cloud cover hours on daily basis. The Doorenbos et al. (1977) recommended in 

the FAO manual that shows estimation from the available cloud cover hours with its particular 

corrected factors (Table 3.23). 

The data related to the as and bs constants were determined from multiple studies (Table 3.24). 

UV- data acquisition were conducted using the MeteoInMolise official 

weather forecast resource for the years 2019 2021. The empirical equation 3.9 was updated and 

extracted the relevant data related to the Rdsw/Ra to analyze n/N for the specified number of days. For 

analyzing this data, regression analysis of two constants such as as and bs was performed with 

respective values 0.24 and 0.29, and R2 value was 0.52. The data shows that the highest values of the 

constants (as + bs) reveal as 0.69. 

Table 3.24. Empirical techniques for estimating the incident UV-Radiation (Rdsw) from the data of 

extraterrestrial radiation (Ra). The models were presented by ASHRAE, Machler et al. Parishwad et 

al. and Nijegorodov. 

Method Factors References 
 as bs as + bs  

3.7 
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ASHRAE Model (Empirical method) 0.142 0.058 0.134 ASHRAE (1985) 
 0.141 0.103 0.137 Machler et al. (1967) 

 0.036 0.242 0.495 Parishwad et al. (1997) 
 0.177 0.114 0.162 Nijegorodov (1996) 

 

ASHRAE method 

The ASHRAE algorithm model deliver an easy technique that is widely accepted for results 

execution in architectural and engineering fields (ASHRAE 1985). 

method 

Machler et al. (1967) analyzed the diffused irradiation data on hourly basis from UV-

Radiation received at the horizontal surface. The study suggests that analyzing the solar elevation 

ranges higher than the 40º is technical study. The study contributed in providing further values for 

the constant factors such as as, bs and as + bs, that is considered as an advancement in the UV-

Radiation study. 

method 

Parishwad et al. (1997) analyzed the constant factors of the ASHRAE method with the help 

of the statistical empirical approach to determine the UV-Radiation in six different regions in India. 

method 

Nijegorodov further studied constant factors of ASHRAE method with the help of the 

computer systems and analyzed day-to-day UV-Radiation based on collected UV-Radiation on 

hourly basis in three different regions such as Zimbabwe, Namibia, and Botswana (Nijegorodov 

1996). 

3.5.2. Reference evapotranspiration (ETo) 

The empirical approaches presented in this thesis compute the reference evapotranspiration 

(ETo) using different methods and environmental factors. The standards presented by the Food and 
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Agriculture Organization (FAO) of the United Nations suggests that the use of the empirical method 

depends on the user needs, data availability, data size, and accurateness of the empirical method. The 

data could be adjusted, if needed, in a particular region using the available environmental factors, 

local meteorological stations, and previous analysis, while few methods could also provide analysis 

with missing data. 

Calculating the ETo is a technical process due to data availability and system measurements. 

A general and practical method for estimating the ETo is the pan evaporation method. The Class-A 

pan with a standard size is filled with the particular amount of water on daily basis. The calculation 

is conducted on 24-hours period about the quantity of water loss and required amount of water. In 

Class-A pan, it is noted that the type of pan should be the one suggested by the FAO56 Manual. The 

rate of evaporation depends on several features such as the pan type, environmental factors of the pan 

(dense or sparse vegetation), and the heat transfer flux between the pan, soil surface, and environment 

(Jones 1992). Dodds et al. (2005) in his study shows various flaws in the Pan evaporation method 

such as 1) the architecture of the pan is completely different from the crop architecture due to which 

the evaporation in freely available evaporative pan and that of crop is different, as in crop, it depends 

on the stage and type of crop, and 2) the pan calculation of the ETo is strictly dependent on the exact 

in local evaporative demand and sites does not provide accurate results in most cases. 

Studies have used other manual methods for estimating the ETo by using another technology 

which is known as the lysimeter. The method is composed of a set of instruments which are installed 

inside the soil surface at the particular position with having a soil slab of soil above the soil surface. 

The weight of soil slab diversifies with the passage of time due to water addition. The soil surface is 

provided with the irrigation water on daily basis while there is a proper system available that calculate 

the loss of water from the received water. The instrument is composed of a large homogeneous field, 
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while various scales are placed over it that decrease any impact from external environment. 

Lysimeters provide good results but are very expensive and cannot be afforded by all. 

Different models have been developed for ETo assessment but several requires the daily 

meteorological data delivered by weather stations. This thesis assessed two temperature based 

models, such as Hargreaves Samani (H S) (Hargreaves and Samani 1985), and Blaney Criddle (B

C) (Blaney and Criddle 1950). These models are considered as the most suitable and flexible models 

for the estimation of the ETo in all the environmental conditions. 

Hargreaves Samani (H S) model 

The FAO irrigation and drainage paper 56 Crop evapotranspiration is a perfect manual to 

evaluate the evapotranspiration models. In the cases of daily T-min and T-max, humidity, wind speed 

and sunshine hours are available for the given test site. The Hargreaves Samani (H S) method is 

employed using T-max and T-min data to calculate the ETo, which is very common among 

researchers. This approach was further developed by Allen et al. (1998) to perfectly blend the FAO-

56 crop evapotranspiration manual. The H S being an empirical approach includes the empirical 

coefficients. While it can be used with other standard data-sets, as several authors (Allen et al. 1998) 

suggested to calibrate H S in regards to FAO-56 at different trial fields with comparable climatic 

regions. 

However, it is not mandatory using these climatic variables as this approach (H S and B C) 

is being thought of as an easy implemented and simple model to calculate the ETo. The H S equation 

performs better in semi-arid and arid regions as their climatic conditions are perfectly integrated 

together (López-Urrea et al. 2006), while is not suitable for humid climates (Wang et al. 2014. The 

empirical method for Hargreaves Samani model is presented as below: 
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 ET = 0.0023 × (Tave + 17.8) × (Tmax - Tmin)0.5 × UV-Radiation 3.6 

whereas 

0.0023 and 17.8 are constants in the H S empirical method 

Tave is the average measured temperature 

Tmax is the maximum measured temperature 

Tmin is the minimum measured temperature, and  

UV-Radiation is the total measured sunshine radiation received at the surface of the earth. 

Blaney Criddle (B C) model 

The Blaney Criddle (B C) model (Blaney and Criddle 1950) is used for estimating the 

reference crop evapotranspiration by using a simplistic approach in the case when sufficient 

meteorological data is available. However, the Penman Monteith equation is mostly preferred in 

many scenarios. The B C model is used to calculate the one month or more when air-temperature 

datasets of the test-fields are available (Allen et al. 1986). 

 ETo = p × (0.457 × Tmean + 8.128)  3.7 

whereas 

ETo is the reference evapotranspiration (mm day ) 

Tmean is the mean daily temperature (°C) given as Tmean = (Tmax + Tmin)/2 

p is the mean daily percentage of annual daytime hours. 
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The p-value determines the mean daily percentage of annual daytime hours for different 

latitudes at different regions of the world. The p-value is acquired by the table (Brouwer and 

Heibloem 1986) as given below. 

Table 3.25. Mean daily percentage (p) value of annual daytime hours for different latitudes (Blaney 

and Criddle 1950). 

Latitude North Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 

South July Aug Sept Oct Nov Dec Jan Feb Mar Apr May June 

60° - .15 .20 .26 .32 .38 .41 .40 .34 .28 .22 .17 .13 

55° - .17 .21 .26 .32 .36 .39 .38 .33 .28 .23 .18 .16 

50° - .19 .23 .27 .31 .34 .36 .35 .32 .28 .24 .20 .18 

45° - .20 .23 .27 .30 .34 .35 .34 .32 .28 .24 .21 .20 

40° - .22 .24 .27 .30 .32 .34 .33 .31 .28 .25 .22 .21 

35° - .23 .25 .27 .29 .31 .32 .32 .30 .28 .25 .23 .22 

30° - .24 .25 .27 .29 .31 .32 .31 .30 .28 .26 .24 .23 

25° - .24 .26 .27 .29 .30 .31 .31 .29 .28 .26 .25 .24 

20° - .25 .26 .27 .28 .29 .30 .30 .29 .28 .26 .25 .25 

15° - .26 .26 .27 .28 .29 .29 .29 .28 .28 .27 .26 .25 

10° - .26 .27 .27 .28 .28 .29 .29 .28 .28 .27 .26 .26 

5° - .27 .27 .27 .28 .28 .28 .28 .28 .28 .27 .27 .27 

0° - .27 .27 .27 .27 .27 .27 .27 .27 .27 .27 .27 .27 

 
Figure 3.23. The latitude (Blaney and Criddle 1950). 

Estimated ETo values 
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For rough ETo values, the table can be used for further calculations. 

Table 3.26. Estimated ETo values (mm day-1) (Blaney and Criddle 1950). 

 Mean daily temperature 

Climatic zones Low 
(Less than 15 °C) 

Medium 
(15-25 °C) 

High 
(More than 25 °C) 

Desert/arid 4-6 7-8 9-10 

Semi-arid 4-5 6-7 8-9 

Sub-humid (Moist) 3-4 5-6 7-8 

Humid 1-2 3-4 5-6 

 

Table 3.27. Estimated ETo values using the Blaney Criddle method (Blaney and Criddle 1950). 

Months T-min 
(°C) 

T-max 
(°C) 

T-mean 
(°C) 

p-value 
(Table 1.2) 

ETo 

(mm day-1) 
(p-value × (0.457 × Tmean + 8.128)) 

January 6 12.3 9.15 0.22 2.708 

February 6.2 12.8 9.5 0.24 2.993 

March 7.8 15 11.4 0.27 3.601 

April 10.2 17.8 14 0.3 4.358 

May 14 22.4 18.2 0.32 5.263 

June 18 26.7 22.35 0.34 6.236 

July 20.5 29.8 25.15 0.33 6.475 

August 20.7 29.6 25.15 0.31 6.083 

September 18 26.5 22.25 0.28 5.123 

October 14.4 21.8 18.1 0.25 4.100 

November 10.4 17.3 13.85 0.22 3.181 

December 7.2 13.6 10.4 0.21 2.705 

 

Table 3.27 shows the estimated datasets acquired from the literature in standard conditions. 

The parameters were tested using the Blaney Criddle model as this model is considered as an easier 

model to be used for the resulting data related to the ETo. 



  

117 

3.5.3. Crop Evapotranspiration (ETc) 

-

fertilized crops, grown in large fields, under optimum soil water conditions, and achieve complete 

which is transpired from crop and evaporated from soil must be compensated in which 

evapotranspiration plays a major role while the compensation of the evapotranspiration loss is known 

as crop water requirement of that specific field. Though the crop evapotranspiration and crop water 

requirement provide similar and same level values, however, crop water requirement is the amount 

of water that are required by the crops at the season under specific soil and field conditions, while 

crop evapotranspiration is the amount of water that is lost through the evapotranspiration process. 

The irrigation crop water requirement of the specific crop and its relevant parameters are the 

difference between effective precipitation and crop water requirement. The irrigation water 

requirement of the specific crop must be considered with salt water leaching and water compensation 

of an un-uniformity application (Allen et al. 1998). 

The climatic data is considered to calculate the crop evapotranspiration and crop resistance 

variables, air resistance parameters, and albedo by using the P M model. Due to a considerable gap 

in information about various crops, the latest P M model can be utilized to calculate the standard 

reference crop evapotranspiration (ETo) values at the given region. 

A significant and dependent factor related to the crop evapotranspiration known as crop 

coefficient (kc) is an experimental ratio determined as ETc ETo-1. Crop coefficient is the relation of 

the ETc to ETo or ETc = kc × ETo. The differences in different variables including aerodynamic 

resistance, albedo, plant leaf stomatal characteristics, and leaf anatomy cause the crop 

evapotranspiration to increase or decrease that of the reference crop evapotranspiration within the 

same region and climatic zone. As crop plant grows provided the optimum conditions, their 
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characteristics also changes within the growing season, so the kc also changes from the day of sowing 

to the maturity and finally the harvest (Allen et al. 1998). 

3.6. Data Analysis: Comparison between H S and B C models for ETo calculation at 

Campobasso (W1, W2, W3 and W4) 

The following figures presents the installation of the solar fertigation system in the test fields 

which was tested with the help of the collected data in Two (02) different regions. The tests in the 

first region (Molise region) are presented which is as follows: 

 
Figure 3.24. Solar fertigation system installation at region-1 (Molise region  Campobasso). 
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Figure 3.25. Solar fertigation system installation at region-1 (Molise region  Campobasso). 

 
Figure 3.26. Solar fertigation system installation at region-1 (Molise region  Campobasso). 

The following analysis presents the comparison of the best equation among the H S and B

C models by using the collected data from 2019 to 2020 from the first region (Molise region  

Campobasso). Some systematic errors were found and corrected for a few weather stations (W1

Campobasso East; W2 Campobasso North; W3 Campobasso West; W4 Campobasso South) 

regarding the temperature and solar radiation, after comparing it with the climate data analyzed by 

other researchers (Gentilucci et al. 2021; Antonio et al. 2015; Keswani et al. 2020; Abioye et al. 

2020). 

The monthly ETo data was estimated by using the both H S and B C models in order to 

analyses the differences and evaluate the best ETo method which required minimum crop and 

environmental parameters. First, monthly data from 2019 to 2021 for each weather station were 

estimated using both the models (Figure 3.27; Figure 3.28; Figure 3.29). 
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Figure 3.27. Monthly ETo estimation using the H S and B C Models at the W1  CB East are 

estimated from October 2019 to July 2020. 

 
Figure 3.28. Monthly temperature and rainfall estimation at the W1  CB East are estimated from 

October 2019 to July 2020. 
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Figure 3.29. Monthly differences in the H S and B C Models at the W1  CB East are estimated 

from October 2019 to July 2020. 

The initial analysis (Figure 3.27) revealed that the ETo estimated with H S model was mostly 

similar to the data collected with the B C model at the W1 CB East station, with the data that just 

differs by a few mm on monthly basis. In October, November and December 2019, some significant 

differences could be seen due to the temperature and solar radiation values in these specific months. 

Figure 3.28 shows the highest monthly average Rainfall in November 2019 and Temperature in July 

2020 which highly impacted the rate of ETo. However, Figure 3.29 shows the percent differences in 

both H S and B C models with the highest difference of negative 67.69% in November 2019. 

Although both of the models showed good agreement, there consists a possibility of recording high 

differences. 
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Figure 3.30. Monthly ETo estimation using the H S and B C Models at the W2  CB North are 

estimated from October 2019 to July 2020. 

 
Figure 3.31. Monthly temperature and rainfall estimation at the W2  CB North are estimated from 

October 2019 to July 2020. 
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Figure 3.32. Monthly differences in the H S and B C Models at the W2  CB North are estimated 

from October 2019 to July 2020. 

The analysis (Figure 3.30) showed that the ETo estimated with the H S model was mostly 

similar to the data collected with the B C model at the W2 CB North station, with the data that just 

differs by a few mm on monthly basis. In October-2019, November-2019, December-2019 and May-

2020, some significant differences are highlighted due to the temperature and solar radiation values. 

Figure 3.31 shows the highest monthly average Rainfall in November 2019 and Temperature in July 

2020 which effected the rate of ETo in those months. However, Figure 3.32 shows the percent 

differences in both H S and B C models with the highest difference of negative 78.25% in December 

2019. Although both of the models showed a good correlation, there consists a possibility of recording 

high differences depending on the region. 
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Figure 3.33. Monthly ETo estimation using the H S and B C Models at the W3  CB West are 

estimated from October 2019 to July 2020. 

 
Figure 3.34. Monthly temperature and rainfall estimation at the W3  CB West are estimated from 

October 2019 to July 2020. 
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Figure 3.35. Monthly differences in the H S and B C Models at the W3  CB West are estimated 

from October 2019 to July 2020. 

The analysis (Figure 3.33) showed that the ETo estimated with the H S model was mostly 

similar to the data collected with the B C model at the W3  CB West station, with the data that just 

differs by a few mm on monthly basis. In November-2019, December-2019 and January-2020, some 

significant differences of about 50mm monthly differences are recorded due to the temperature and 

solar radiation data. Figure 3.34 shows the highest monthly average Rainfall in November 2019 and 

Temperature in July 2020 (as according to the W1 and W2 stations) which significantly affected the 

rate of ETo to increase or decrease, respectively. Figure 3.35 shows the percent differences in both 

H S and B C models with the highest difference of negative 144.90% in December 2019 and lowest 

in July 2020 with positive 0.35%. In W3 station, both of the models showed a good correlation while 

it shows that there consists a possibility of recording high differences among these models. 
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Figure 3.36. Monthly ETo estimation using the H S and B C Models at the W4  CB South are 

estimated from October 2019 to July 2020. 

 
Figure 3.37. Monthly temperature and rainfall estimation at the W4  CB South are estimated from 

October 2019 to July 2020. 
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Figure 3.38. Monthly differences in the H S and B C Models at the W4  CB South are estimated 

from October 2019 to July 2020. 

The analysis (Figure 3.36) showed the ETo estimation using the H S model with similar data 

to the B C model at the W4  CB South station, with the data that just differs by a few mm on monthly 

basis. Highest ETo was revealed in April, May and June 2020. Figure 3.37 shows the highest monthly 

average Rainfall in November 2019 and Temperature in July 2020 (as according to the W1, W2 and 

W3 stations) which significantly affected the rate of ETo to increase or decrease, respectively. Figure 

3.38 shows the percent differences in both H S and B C models with the highest difference in 

December 2019 and lowest in February 2020. Both models showed a good correlation in between 

each other while there is yet a possibility of recording high differences among these models in 

different regions. 
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3.7. Data analysis: Comparison between H S and B C models for ETo calculation at Apulia 

region (W1, W2 and W3) 

The following analysis presents the comparison of the best equation among the H S and B

C models by using the collected data in 2021 from the second region: Apulia region (W1

Montemesola; W2 Castellaneta; W3 Marina di Ginosa). Some systematic errors were found and 

corrected at the weather station which were related to the temperature and solar radiation, after 

comparing it with the climate data analyzed by researchers (Gentilucci et al. 2021; Antonio et al. 

2015; Keswani et al. 2020; Abioye et al. 2020). 

The following figures present the installation of the solar fertigation system to collect the 

required data at the second (2nd) region (Apulia region) which is presented as follows: 

 
Figure 3.39. Solar fertigation system installation at region-2 (Apulia region). 
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Figure 3.40. Solar fertigation system installation at region-2 (Apulia region). 

 
Figure 3.41. Solar fertigation system installation at region-3 (Apulia region). 
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The monthly ETo data was estimated by using the both H S and B C models in order to 

analyses the differences and evaluate the best ETo method which required minimum crop and 

environmental parameters. First, monthly data in 2021 for the weather station was estimated using 

both the models (Figure 3.42; Figure 3.43; Figure 3.44). 

 
Figure 3.42. Monthly ETo estimation using the H S and B C Models at the Apulia region W1  

Montemesola are estimated from May to July 2021. 
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Figure 3.43. Monthly temperature and rainfall estimation at the Apulia region W1  Montemesola 

are estimated from May to July 2021. 

 
Figure 3.44. Monthly differences in the H S and B C Models at the Apulia region W1  

Montemesola are estimated from May to July 2021. 

The initial analysis (Figure 3.42) revealed that the ETo estimated with H S model was mostly 

similar to the data collected with the B C model at the W1 Apulia region of the Montemesola, with 

the data that just differs by a few mm on monthly basis. In May and June 2021, some significant 

differences could be seen due to the temperature and solar radiation data. Figure 3.43 shows the 

highest monthly average Rainfall and Temperature in July 2021 which highly impacted the rate of 

ETo. However, Figure 3.44 shows the percent differences in both H S and B C models with the 

highest difference of negative 97.22% in July 2021. 
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Figure 3.45. Monthly ETo estimation using the H S and B C Models at the Apulia region W2  

Castellaneta are estimated from May to July 2021. 

 
Figure 3.46. Monthly temperature and rainfall estimation at the Apulia region W2  Castellaneta are 

estimated from May to July 2021. 

0

50

100

150

200

250

May-21 Jun-21 Jul-21

E
To

 (
m

m
)

Months

ETo monthly data analysis
Apulia W2 Castellaneta

H S B C

0

1

2

3

4

5

6

7

8

9

10

0

5

10

15

20

25

30

35

May-21 Jun-21 Jul-21

R
ai

nf
al

l 
(m

m
)

Te
m

pe
ra

tu
re

 (
C

)

Months

Temperature and Rainfall monthly data analysis 
Apulia W2 Castellaneta

Rainfall Tmin Tmax



  

133 

 
Figure 3.47. Monthly differences in the H S and B C Models at the Apulia region W3  Castellaneta 

are estimated from May to July 2021. 

The analysis illustrated in the Figure 3.45 recorded that the ETo estimated with H S model 

was mostly similar to the data collected with the B C model at the W2 Apulia region of the 

Castellaneta, with the data that just differs by a few mm on monthly basis. In June and July 2021, 

some significant differences could be seen due to the temperature and solar radiation values. Figure 

3.46 shows the highest monthly average Rainfall in June 2021 and Temperature in July 2021 which 

effecting the ETo rate. Figure 3.47 shows the percent differences in both H S and B C models with 

the highest difference in July 2021. 
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Figure 3.48. Monthly ETo estimation using the H S and B C Models at the Apulia region W3  

Marina di Ginosa is estimated from May to July 2021. 

 
Figure 3.49. Monthly temperature and rainfall estimation at the Apulia region W3  Marina di Ginosa 

are estimated from May to July 2021. 
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Figure 3.50. Monthly differences in the H S and B C Models at the Apulia region W3  Marina di 

Ginosa are estimated from May to July 2021. 

The Figure 3.48 showed that the ETo estimated with H S data was highly correlated to the 

B C data at the W3 Apulia region of the Marina di Ginosa, with the data that just differs by a few 

mm on monthly basis. In June and July 2021, some differences are recorded due to the temperature 

data. Figure 3.49 shows the highest monthly average Rainfall in May 2021 and Temperature in July 

2021 affecting the rate of ETo. However, Figure 3.50 shows the percent differences in both H S and 

B C models with the highest difference in July 2021. Although both of the models showed good 

correlation, there consists a possibility of recording high differences in different regions. 
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Figure 3.51. Finally, the report is presented by the solar fertigation application with all the 

assessments and analysis. 

3.8. Summary 

Chapter 3 discussed several important and accurate environmental, and rainfall data collection 

methods. While the official resources and systematic environmental factors collected precise crop 

yield estimation depending on the meteorological data acquisition. Chapter 3 further presented 

development of the dataset for the particular years ranging from 2019-2021 using the solar fertigation 

system and official meteorological resources. The dataset acquired in these years were validated, and 

properly corrected that resulted to fill the recorded gaps. A compliment for few techniques to measure 

the evapotranspiration recognized by the FAO56 Manual and P M model was considered as the 

highly reliable resource of measuring the reference evapotranspiration in Italian regions. Based on 

the calculations of these empirical methods, the acquired meteorological data integrated with the 

coefficient of variance tested by Seifi et al. (2020) are able to deliver precise measurements of the 

ETo in a diverse set of crops in Italy. 
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Chapter 4 

Conclusion 

 

 

 

Agricultural production must promote the implementation of farming practices and the 

adoption of highly sustainable models in order to support resilience and competitiveness. From this 

perspective, this thesis has analyzed the evapotranspiration processes of different crops in seven 

climatic regions, such as Molise region (Campobasso East, Campobasso North, Campobasso West, 

and Campobasso South), and Apulia region (Montemesola, Castellaneta and Marina di Ginosa) to 

understand the potential benefits of the implementation of an on-farm solar fertigation system. The 

study has developed a database for several crops. 

Additionally, uncontrolled irrigation withdrawal and non-efficient fertigation processes lead 

to a decrease in irrigation resources quantity and quality. The irrigation quality deterioration is the 

major cause by in-depth filtration of fertilizers and other products inside the water that primarily 

affect the crop development and growth. For H S model, the highest monthly ETo was revealed as 

192 mm at Campobasso North in May 2020, while the lowest of which was recorded as 40 mm at the 

Campobasso North in December 2019. For B C model, the highest monthly ETo was revealed 178 

mm at the Campobasso East in May 2020, while the lowest of which was recorded as 42 mm at the 
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Campobasso East in July 2020. The temperature and rainfall monthly correlation showed a linear 

trend in all the study period. The high rainfall recorded was 166 mm in November 2019, while the 

lowest was recorded as 0 mm in January 2020. 

Environmental data, crop data and solar fertigation data were collected by the soil moisture 

sensors installed into the fields, sensors made up by Politecnico of Bari, and transferred to the central 

unit. The crop ET level was also taken into account by the crop sensors installed near to the root zone. 

The sensors were precisely monitoring the crop ET levels and forecast with accurate meteorological 

data. Both, the sensors and the solar fertigation system were accurately estimating the crop ET which 

is an important aspect of the study, not just for irrigation assistance and freshwater utilization 

development, but also for the local and global climate effect research. An unparallel model for crop 

ET calculation is developed based on crop and environmental datasets, without impacting the 

precision of the measurements. 

The solar fertigation system successfully managed irrigation and fertilization in an appropriate 

mode, depending on the soil moisture levels. Considerable reduction in energy consumptions were 

achieved due to the photovoltaic panels, and for the high number of sunny days, more than 250 per 

year. Furthermore, this thesis compared reference evaporanspiration (ETo) using H S and B C 

models. The data were analyzed in terms of daily temperature, rainfall, relative humidity, UV

radiation, and air speed and were provided the correlation among the H S and B C models in 

different climatic regions. 

Overall, this thesis highlights how an innovative technology may contribute to mitigation of 

climate change. Solar fertigation may contribute to reduce irrigation water, to lower the consumption 

of energy for pumping purposes, a reduced use of fertilizers. All these positive features may 

contribute to increase the income of farmers, to stabilize crop yields, and to reduce the risk of 

groundwater pollution caused by inappropriate irrigation management.  
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