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Abstract 

The thesis aims to  investigate three crucial aspects related to water resources and 

the newly emerging impact of solar parks on the local hydrology: 

evapotranspiration trends, evapotranspiration estimation model performance, and 

the impact of solar parks on local climatology, runoff, evapotranspiration, and soil 

moisture. Firstly, it analyzes the historical evapotranspiration trend over a specific 

period, examining the performance of evapotranspiration estimation models useful 

the  analysis solar park's impact. By analyzing historical data and climatic factors, 

the research aims to identify any significant trends or patterns in evapotranspiration 

rates, providing valuable insights into potential impacts on water availability and 

regional climate conditions, and providing baseline information about the 

possibility of impacts of solar parks on the future local hydroclimate.  

Characterizing hydroclimatic parameters changes and trends has a paramount 

importance for a better understanding of climate change related phenomena and for 

developing mitigation measures. Evapotranspiration is one of the most essential 

components of the hydrological cycle, having impacts on  water resource 

management issues, agricultural practices, irrigation scheduling, and climate 

change adaptation measures. Accurate estimation of  evapotranspiration from 

indirect methods based on temperature and other meteorological variables  is 

beneficial in terms of spatial coverage, time, filed experiment cost savings.  

Moreover, analyzing the spatiotemporal trend of evapotranspiration and identifying 

the most influential climatological factors for its sensitivity plays a vital role for 

water resource management and the  understanding the newly emerging  large scale 

solar energy infrastructure impact on hydroclimatology.  Large-scale solar farms 

are experiencing significant growth in different parts of the world, including Sicily, 

due to their potential for reducing greenhouse gas emissions for climate change 

mititgation. However, these infrastructures will have synergies and dilemmas 

concerning the hydroclimate of the ecosystem. 

Considering the potential impacts of solar parks on evapotranspiration, the study 

aims to evaluate the performance of reference evapotranspiration (ETo) estimation 

methods properly applied for monitoring future large-scale solar farms. It will 
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examine the trend of evapotranspiration in different areas of Sicily, which is 

valuable as a baseline for future monitoring of the potential impacts of large-scale 

solar parks. 

Given the aforementioned challenges, this study aims to evaluate the performance 

of different evapotranspiration estimation methods, examine the trend of reference 

evapotranspiration (ETo), identify the most influential climatological elements, 

analyze the spatio-temporal trend of potential evapotranspiration (PET) from 

multiple meteorological stations, and finally address the response of photovoltaic 

panels in terms of runoff using EPA SWMM simulation software.The 

meteorological data obtained from the Agrometeorological Information Service of 

Sicily (SIAS, http://www.sias.regione.sicilia.it/) were used to compute the 

reference evapotranspiration (ETo) and potential evapotranspiration (PET) using 

the FAO Penman-Monteith method (FAO PM method). This method is considered 

the best standard for evapotranspiration estimation by the Food and Agricultural 

Organization (FAO) and the American Society of Civil Engineers (ASCE). The 

performance of temperature-based and radiation-based evapotranspiration 

estimation methods was evaluated using different performance metrics to monitor 

the impacts of solar parks on hydrology. 

The Hargreaves and Samani (HS), Baier and Robertson (BR), Priestley and Taylor 

(PT), Makkink (MKK), Turc (TUR), Thornthwaite (THN), Blaney and Criddle 

(BG), Ritchie (RT), and Jensen and Haise (JH) methods were evaluated using 

several performance metrics. The results showed that the PT method had the best 

performance with a Nash-Sutcliffe efficiency (NSE) of 0.91. The HS method 

performed the second best estimation method (NSE = 0.51) but significantly worse 

than PT.  

To analyze the spatio-temporal trend of different climatological elements, ETo and 

PET were analyzed using the Mann-Kendall test with serial autocorrelation removal 

by Trend-free pre-whitening (TFPW). The Sen's slope was also used to examine the 

magnitude of the trend of monthly, seasonal, and annual meteorological variables, 

ETo, and PET. The sensitivity of ETo was analyzed using the sensitivity coefficient 

and contribution rate algorithms. The results showed that climatological elements 
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exhibited different trends seasonally and monthly, whereas ETo showed a monthly 

increasing trend only in November in Piazza Armerina. Specific humidity and wind 

speed were identified as the most climatological elements highly sensitive to and 

contributing to ETo in Piazza Armerina. 

At multiple spatiotemporal scales, PET exhibited different trends in different 

meteorological stations across Sicily. August was the most detected month for an 

increasing trend of PET in multiple meteorological stations in Sicily. Moreover, 

five meteorological stations consistently detected an annual increasing trend, which 

could be essential for climate change mitigation and adaptation measures in the 

region. 

The assessment of potential impacts on surface runoff of renewable energy related 

installation is crucial for a safe development of such projects. In the final part of the 

work,  the response of ground-mounted photovoltaic panels in terms of runoff 

generation was analyzed using EPA SWMM software.  The study simulated the 

EPA SWMM considering different factors that influenced runoff formation. These 

factors included different sizes of installation, soil types, input hyetographs, and 

varying surface roughness to compare the runoff peak flow and runoff volume 

between a reference catchment and a solar park. The results showed that there were 

no practical changes in runoff in the short term after installation. However, in the 

long term, modifications in soil cover may lead to a potential increase in runoff. For 

instance, peak flow increments from the solar park of up to 21% and 35% were 

obtained for roughness coefficient reductions of 10% and 20%, respectively. This 

information is crucial for future solar park infrastructure planning by Ambiens S.r.l. 

(the PhD funding source) and other solar energy companies in the region. Further 

experimental research is needed to understand the impact of solar parks on local 

hydroclimate under different scenarios. Long-term analysis of spatio-temporal 

trend of evapotranspiration would also be helpful in considering climate mitigation 

measures and solar energy projects.   

Keywords: Evapotranspiration, solar parks, spatiotemporal trend, 

hydroclimate, FAO PM method, Mann Kendall, Sen’s Slope, EPA SWMM, 

runoff 
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Chapter 1 

Introduction 

1.1 Overview 

Currently, there is an increasing demand for renewable energy, showing high 

promise in reducing the concentration of greenhouse gases in the atmosphere 

(Armstrong et al., 2016; Armstrong et al., 2014; Cagle et al., 2020 & Hernandez et 

al., 2019). Among the technologies based on renewable energy, photovoltaic panels 

(PV) are considered the most environmentally convenient and the main source of 

energy. The PV industry is experiencing significant growth due to the lower cost 

and higher efficiency of the technology (Jiang et al., 2021). In addition to the 

reduction of greenhouse gas emissions, photovoltaic installations also have some 

co-benefits, such as increasing soil moisture under the PV panels, enhancing water 

use efficiency, and enabling co-location for agriculture and energy production 

(Stefano et al., 2018; Barron-Gafford et al., 2019; Delfanti et al., 2016; Hassanpour 

et al., 2020; Marrou et al., 2013). 

However, there are increasing concerns regarding the PV industry, particularly 

regarding its potential effects on air temperature (Broadbent et al., 2019; Taha, 

2013), albedo (Li et al., 2022; Nemet, 2009), net radiation (Li et al., 2022), soil 

moisture, and soil temperature (Adeh et al., 2018; Yavari et al., 2022; Yue et al., 

2021), as well as evapotranspiration (Feistel et al., 2022; Marrou et al., 2013a), 

biomass (Armstrong et al., 2016; Liu et al., 2019), and soil chemical and physical 

properties (Choi et al., 2020; Lambert et al., 2021), including infiltration and runoff 

(Pisinaras et al., 2014). Understanding the potential impact of PV installations on 

local hydroclimate and soil is crucial for sustainable development and enhancing 

the efficiency of PV technology.   

The expansion of solar parks has garnered increasing attention due to their potential 

influence on local hydrological processes and microclimates. The establishment of 

large-scale solar installations can lead to changes in land surface characteristics, 

such as shading and modifications in land use, impacting the surrounding climate 
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(Broadbent et al., 2019; Taha, 2013). Consequently, these alterations can affect 

evapotranspiration rates, leading to fluctuations in local temperature and humidity 

levels (Wu et al., 2020). Furthermore, the presence of solar panels can reduce 

incoming solar radiation reaching the ground, potentially influencing soil moisture 

levs and disrupting the natural runoff patterns (Cook & McCuen, 2013; Yue & Guo, 

2021 & Armstrong et al., 2016). 

Through an investigation into the relationship between accurate evapotranspiration 

estimation and the impacts of solar parks, this research aims to provide a 

comprehensive understanding of how renewable energy developments interact with 

water resources and the environment. The findings of this study will significantly 

contribute to informed decision-making, guiding sustainable integration strategies 

for solar parks while mitigating potential adverse effects on local hydrological and 

ecological systems. 

Solar parks (PV) have been observed to influence various local climate parameters, 

including temperature (Barron-Gafford et al., 2016), humidity (Wu et al., 2020), 

wind speed (Armstrong et al., 2016), solar radiation (Nemet, 2009; Millstein & 

Menon, 2011), evapotranspiration, runoff, and percolation (Pisinaras et al., 2014), 

as well as soil moisture (Makaronidou, 2020). These alterations in climatological 

and hydrological variables, induced by solar parks, present additional 

environmental challenges that could potentially impede the smooth transition 

towards renewable energy. 

To address these challenges, it is essential to monitor the potential impacts of solar 

parks on hydroclimatological conditions. Given the high potential for solar energy 

production in Sicily (Farinelli, 2004), monitoring the potential impacts of solar 

energy infrastructure on hydroclimatological elements becomes crucial. However, 

conducting experimental monitoring and measurements on very large-scale solar 

parks can be both expensive and labor-intensive. To overcome such challenges, 

indirect measurements, such as evapotranspiration estimation methods, can be 

supportive. However, it is also necessary and prerequisite to evaluate the 

performance of different evapotranspiration estimation methods that use various 
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climatological variables before the utilization methods against  the Penman-

Monteith method, which is considered as the standard method for estimating 

evapotranspiration (Alexandris et al., 2008; Almorox, 2018; Antonopoulos & 

Antonopoulos, 2018; Chen et al., 2005; Gong et al., 2006; Schrier et al., 2011; 

Seginer, 2002).  

Furthermore, it is essential to analyze the trends in different climatological variables 

and evapotranspiration to support climate change mitigation efforts, including the 

transition to renewable energy sources like solar power. Simultaneously, sensitivity 

analysis can help identify the contribution of evapotranspiration sensitivity in 

regions highly susceptible to drought.  

Considering the large-scale solar parks proposed by Ambiens Energy Srl (the 

funder of this PhD course) and Italy's ambitious renewable energy transition 

program by 2050, effective stormwater management is essential for designing solar 

energy infrastructure in Sicily. Additionally, it is important to understand how solar 

parks respond to runoff in the Mediterranean climate, specifically in Sicily's 

climate. 

Therefore, this study aims to evaluate evapotranspiration estimation methods for 

indirectly monitoring  the potential impact of solar parks on evapotranspiration. It 

will also analyze the trends in evapotranspiration and climatological elements, 

assess sensitivity to evapotranspiration trends, and simulate the impact of solar 

parks on runoff in Sicily's climate. 

1.2 Aims of the research 

There is a highly increasing demand for renewable energy, which holds high promise in 

reducing greenhouse gas emissions. In addition to the reduction of greenhouse gas 

emissions, renewable energy-based projects also provide additional ecosystem services, 

such as increasing soil moisture, enhancing water use efficiency, and enabling co-location 

for agriculture and energy production (Stefano et al., 2018; Barron-Gafford et al., 2019; 

Delfanti et al., 2016; Hassanpour et al., 2020; Marrou et al., 2013). 

However, potential adverse effects of large-scale solar parks have not properly addressed 

in literature yet. For example, some studies showed that the PVs have impacts on  the air 

temperature (Broadbent et al., 2019; Taha, 2013), albedo (Li et al., 2022; Nemet, 2009),  
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net radiation ( Li et al., 2022), soil moisture and soil temperature (Adeh et al., 2018; Yavari 

et al., 2022; Yue et al., 2021), evapotranspiration (Feistel et al., 2022; Marrou et al., 2013a), 

biomass (Armstrong, Ostle, et al., 2016;  Liu et al., 2019), soil chemical and physical 

properties (Choi et al., 2020; Lambert et al., 2021), infiltration and runoff (Pisinaras et al., 

2014). 

The aim of the research is to contribute to understanding the role that PV (Photovoltaic) 

systems can play in mitigating climate change and to develop methodologies/methods for 

understanding their hydrological impacts in Sicily climate.   

To sum up, the specific objectives of this dissertation are: 

➢ Evaluate the reference evapotranspiration estimation methods for the assessment 

of hydrological impacts of photovoltaic farms. 

➢ Analyse the trend and identify of the meteorological factors influencing reference 

evapotranspiration. 

➢ Assess the trends of potential evapotranspiration at multiple timescales and 

locations.  

➢ Assess the impact of photovoltaic solar parks on stormwater runoff using EPA-

SWMM 

1.3 Research methodology 

Estimation and investigation of evapotranspiration trends are essential for water resource 

management in agriculture, climate variability analysis, and other hydroclimate-related 

projects. Additionally, the estimation and analysis of the spatio-temporal trends in 

evapotranspiration support understanding Earth's energy budget, agricultural water 

management, water resource management, and climate change studies (Dezsi & 

Mîndrescu, 2018; Dong et al., 2020; Han et al., 2018; He et al., 2013; Hui-mean & Yusof, 

2018; Kingston et al., 2009; Li et al., 2017; Nam et al., 2015). 

Given that measures of evapotranspiration are challenging, expensive, labor-intensive, and 

time-consuming, scientists and researchers worldwide have conducted studies aimed at 

estimating evapotranspiration. The main categories of evapotranspiration estimation 

methods include direct methods (field water balance approach and soil moisture depletion 

approach) and indirect methods (empirical/statistical methods, micrometeorological 

methods, and remote sensing methods) (Henok et al., 2015; Choudhary, 2018; Mokhele et 

al., 2013; Gharsallah et al., 2013; Hatfield et al., 2016; Long & Singh, 2012; Ochoa-sánchez 

et al., 2019; Tanner, 1967). 
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There are several empirical evapotranspiration estimation methods, which can be 

categorized into radiation-based, temperature-based, and aerodynamics-based models. 

Researchers employ these methods based on the availability of meteorological data and on 

the purpose of their task.    

Some of the most commonly used evapotranspiration estimation methods are described 

below: 

➢ Penman-Monteith Method: The Penman-Monteith method is considered the 

standard method for estimating evapotranspiration. It takes into account various 

factors such as solar radiation, air temperature, humidity, wind speed, and 

vegetation characteristics. It is based on the energy balance equation and requires 

weather data input. 

➢ Priestley-Taylor Method: The Priestley-Taylor method is a simplified version of 

the Penman-Monteith method that estimates evapotranspiration using only the net 

radiation and air temperature. It assumes that the ratio of actual evapotranspiration 

to potential evapotranspiration is constant. 

➢ Hargreaves Method: The Hargreaves method is a widely used empirical method 

that estimates evapotranspiration based on temperature data only. It is simple to 

use and requires daily maximum and minimum air temperature data. 

➢ Blaney-Criddle Method: The Blaney-Criddle method is another empirical method 

that estimates evapotranspiration using temperature and reference crop 

coefficients. It is commonly used in areas where weather data is limited. 

➢ FAO-56 Method: The Food and Agriculture Organization (FAO) developed the 

FAO-56 method, which is based on the Penman-Monteith equation. It provides 

guidelines and standardized procedures for estimating evapotranspiration in 

different agroclimatic regions.  

These evapotranspiration estimation methods are essential for monitoring 

evapotranspiration dynamics and trends associated with land use changes, such as the 

recent expansion of renewable energy infrastructure. Simultaneously, the expansion of 

solar parks has garnered increasing attention due to their potential influence on local 

hydrological processes and microclimates. The establishment of large-scale solar 

installations can lead to changes in land surface characteristics, such as shading and 

modifications in land use, impacting the surrounding climate (Broadbent et al., 2019; Taha, 
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2013). Consequently, these alterations can affect evapotranspiration rates, leading to 

fluctuations in local temperature and humidity levels (Wu et al., 2020). Furthermore, the 

presence of solar panels can reduce incoming solar radiation reaching the ground, 

potentially influencing soil moisture levels and disrupting the natural runoff patterns (Cook 

& McCuen, 2013; Yue & Guo, 2021 & Armstrong et al., 2016). 

This study evaluated the performance of different evapotranspiration estimation methods 

such as, Hargreaves and Samani (HS), Baier-Robertson (BR), Priestley and Taylor (PT), 

Makknik (MKK), Turc (TUR), Thornthwaite (THN), Blaney and Criddle (BG), Ritiche 

(RT) and Jensen and Haise (JH) against the FAO-PM using  the Nash–Sutcliffe 

efficiency (NSE), Coefficient of Determination (R2), Mean Absolute Error 

(MAE), Mean Basis Error (MBE), and Root Mean Square Error (RMSE) at 

Ambiens S.r.l. Environmental Lab in Piazza Armerina, Sicily, Italy.  

The Mann-Kendall test with serial autocorrelation removal by Trend-free pre-

whitening (TFPW) was applied to analyse evapotranspiration trends and the basic 

meteorological variables on which they depend. Sen’s slope was also used to 

examine the magnitude of the trend of evapotranspiration and its related 

meteorological variables at multiple temporal scales (monthly, seasonal, and 

annual). The study used the meteorological data obtained from the 

Agrometeorological Information Service of Sicily (SIAS, 

http://www.sias.regione.sicilia.it/), having 46 meteorological stations (which have 

completed data for the computation of evapotranspiration) distributed all over the 

region. 

To examine the response of PV systems to runoff, the study took into account 

different sizes of the installation, soil types, input hyetographs, and ground cover 

by adjusting the surface roughness using the EPA SWMM software. The EPA-

SWMM is a free and open-source software developed by the United States Environmental 

Protection Agency (US-EPA). The release n. 5.1 of the software was used in this study 

(Rossman 2015, 2016). It is a dynamic rainfall-runoff model used for single event or 

continuous simulation. The runoff component of SWMM operates on a collection of 

subcatchment areas that receive precipitation and generate runoff, after computation of 

water losses.  
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1.4 Outline of the Dissertation 

This thesis is organized as an article-based thesis, consisting of a compilation of 

interconnected articles that were generated during the Ph.D. program. This implies 

that some repetitions are present in the material presented in the thesis. For instance, 

in the methodology of chapters 3, 4, and 5, FAO Penman-Monteith method to 

estimate reference evapotranspiration is repeated. I would like to ask readers' 

forgiveness for this inconvenience. The dissertation is divided into seven chapters. 

Chapter 1 consists of an overview of the study, objectives, research methodology 

and outline of the dissertation.  

Chapter 2 presents an overview of the literature review addressing the main themes 

covered in this thesis. It covers the concept of evapotranspiration, methods for 

estimating evapotranspiration, trends in evapotranspiration, the impacts of PV on 

local climate (temperature, humidity, solar radiation, and wind speed), hydrology 

(runoff, evapotranspiration, and infiltration), and soil moisture and temperature. In 

relation to the article-based thesis, each article chapter has an introduction section. 

These introduction sections may contain some unavoidable repetition with the 

literature review. 

Chapters 3 to 6 presents articles that have been published in international journals 

The details of each article are listed below. 

Chapter 3 presents an evaluation of different evapotranspiration estimation models 

applicable to PV infrastructure, considering the future potential impacts of PV on 

evapotranspiration.  This chapter, the most common evapotranspiration estimation 

methods Hargreaves and Samani (HS), Baier-Robertson (BR), Priestley and Taylor (PT), 

Makknik (MKK), Turc (TUR), Thornthwaite (THN), Blaney and Criddle (BG), Ritiche 

(RT) and Jensen and Haise (JH) were evaluated against the FAO-PM estimation method.   

This article has been published, and the full information is provided below: 

Aschale, T.M.; Sciuto, G.; Peres, D.J.; Gullotta, A.; Cancelliere, A. Evaluation of 

Reference Evapotranspiration Estimation Methods for the Assessment of 

Hydrological Impacts of Photovoltaic Power Plants in Mediterranean Climates. 

Water 2022, 14, 2268. https://doi.org/10.3390/w14142268. 

https://doi.org/10.3390/w14142268
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Chapter 4 presents the trends of different climatological elements and reference 

evapotranspiration and identifies the main sensitive climatological element for 

reference evapotranspiration.  Moreover, this chapter  also addressed the contribution 

and sensitivity of evapotranspiration to different climatological variables, with specific 

location and time. This article has been published, and the full information is 

provided below: 

Aschale, T.M.; Peres, D.J.; Gullotta, A.; Sciuto, G.; Cancelliere, A. Trend Analysis 

and Identification of the Meteorological Factors Influencing Reference 

Evapotranspiration. Water 2023, 15, 470. https://doi.org/10.3390/w15030470. 

Chapter 5 examines the spatiotemporal trend of potential evapotranspiration in 

multiple stations across Sicily. This chapter updated the spatiotemporal trend of 

potential evapotranspiration over Sicily, which had limited information regarding 

the recent patterns of climate change in the region.  This article has been published, 

and the full information is provided below: 

Aschale, T.M.; Palazzolo, N.; Peres, D.J.; Sciuto, G.; Cancelliere, A. An 

Assessment of Trends of Potential Evapotranspiration at Multiple Timescales and 

Locations in Sicily from 2002 to 2022. Water 2023, 15, 1273. 

https://doi.org/10.3390/w15071273. 

Chapter 6 assesses the response of ground-mounted photovoltaic solar parks to 

runoff using the open-source EPA SWMM.  This chapter simulated the potential 

impacts of the PV on runoff taking into account different different sizes of the 

installation, soil types, input hyetographs, and ground cover, by changing the 

surface roughness. This article has been published, and the full information is 

provided below: 

Gullotta, A., Aschale, T. M., Peres, D. J., Sciuto, G., & Cancelliere, A. (2023). 

Modelling Stormwater Runoff Changes Induced by Ground-Mounted Photovoltaic 

Solar Parks: A Conceptualization in EPA-SWMM. Water Resources Management, 

1-14. https://doi.org/10.1007/s11269-023-03572-3.  

Chapter 7 presents the main conclusions and recommendations for future research 

and development. 

https://doi.org/10.3390/w15030470
https://doi.org/10.3390/w15071273
https://doi.org/10.1007/s11269-023-03572-3
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Chapter 2 

Literature review 

Abstract 

The literature review section of the thesis illustrates various aspects related to 

evapotranspiration, including definition of evapotranspiration, estimation models for 

evapotranspiration, sensitivity of evapotranspiration to different climatological elements, 

and spatio-temporal trends of evapotranspiration. Human-induced factors highly contribute 

to the spatio-temporal variability of evapotranspiration in different areas. Perhaps, the 

recently highly expanded renewable energy infrastructure, like photovoltaic solar parks, 

will alter evapotranspiration and other hydroclimatic parameters, such as local climate 

(temperature, humidity, wind speed, solar radiation), runoff, evapotranspiration, 

infiltration, and soil moisture.  This literature part emphasized also to figure out  the 

potential impacts of photovoltaic panels on local climate variables such as air temperature, 

humidity, wind speed, and solar radiation, as well as their effects on hydrology (runoff, 

infiltration, and evapotranspiration) and soil moisture and temperature. 

Furthermore, this chapter presents the latest research findings regarding the potential 

impacts of photovoltaic systems on local hydroclimate and soil. It also highlights the 

discrepancies found in the research and explores possible reasons for these variations in the 

findings. 

 

2.1 Evapotranspiration and estimation models 

Reference evapotranspiration (ETo) is a pivotal part of the hydrological cycle and the most 

crucial physical processes in natural ecosystems and environmental system in our planet 

(Ochoa-sánchez et al., 2019). It enables to figure out the energy and water exchange in 

vegetation (Glenn et al., 2010; Zhang et al., 2001), soil surface (Parajuli et al., 2019), land 

surface (Alexander et al., 2020; Di et al., 2014), and atmosphere (Dickinson, 1974; Long 

& Singh, 2012; Mueller et al., 2011). Estimation and measurements of ETo are essential 

for understanding the in-earth energy budget, agricultural water management, water 

resource management and climate change studies (Dezsi & Mîndrescu, 2018; Dong et al., 

2020; Han et al., 2018; He et al., 2013; Hui-mean & Yusof, 2018; Kingston et al., 2009; Li 

et al., 2017; Nam et al., 2015).   
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Reference evapotranspiration (ETₒ) is a measurement used in hydrology and agriculture to 

estimate the amount of water that would be evaporated and transpired by a standardized 

reference crop under specific weather conditions (Malamos et al., 2015; Matzneller et al., 

2010;  Peng et al., 2017; Zhang et al., 2020). It represents the water demand of a well-

watered, actively growing grass or crop with an assumed height, surface resistance, and 

leaf area index. ETₒ is usually expressed in millimetres per day (mm/day) or in inches per 

day (in/day). It is influenced by various weather factors such as temperature, humidity, 

solar radiation, and wind speed. 

ETₒ is used as a baseline standard evapotranspiration to figure out the crop water 

requirements and irrigation scheduling. Once the reference evapotranspiration for a specific 

location is known, crop coefficients can be applied to determine the actual 

evapotranspiration (AET) of a particular crop in that area. AET is indispensable to manage 

irrigation systems efficiently and determining the water needs of different crops throughout 

their growth stages (Čadro et al., 2017; Pandey et al., 2016; Rodrigues & Braga, 2021; Wu 

et al., 2021). 

The ETₒ is derived from elaboration of data recorded by meteorological stations equipped 

with sensors for weather variables. These data can be used by farmers, water resource 

managers, and researchers to make informed decisions regarding water allocation, crop 

selection, irrigation planning, and water conservation strategies. It is worth to notice that 

reference evapotranspiration is a theoretical value based on a standardized reference crop, 

and actual evapotranspiration of specific crops may vary depending on various factors such 

as crop type, stage of growth, canopy cover, and management practices.  

Potential evapotranspiration (PET) is also another important parameter for 

evapotranspiration.  It is defined as the amount of water that could be potentially evaporate 

and transpire from a specific area if water availability were not a limiting factor (Hidalgo 

et al., 2005; Rwasoka et al., 2011). In other words, PET  is a measure of the water demand 

by vegetation and the evaporation from the land surface under ideal conditions, assuming 

a well-watered surface and adequate energy availability (Stefanidis & Alexandridis, 2021; 

Xiang et al., 2020a; Zongxing et al., 2014). It considers different climatological elements 

which influence evaporation and transpiration rates, including temperature, humidity, wind 

speed, and solar radiation. These factors determine the PET for a given location and time. 

The estimation of PET is important in various fields, including agriculture, hydrology, and 

water resources management. It helps in determining irrigation needs, scheduling 
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irrigation, estimating water availability, and assessing the water balance of a region 

(Hidalgo et al., 2005; Todisco & Vergni, 2008). By comparing the potential 

evapotranspiration with the actual evapotranspiration, one can evaluate the water deficit or 

surplus in a specific area (Minacapilli et al., 2009; Xiang et al., 2020). 

Both the PET and ETₒ are typically estimated using empirical formulas or models that 

incorporate meteorological data such as temperature, relative humidity, wind speed, and 

solar radiation. The most used and standard method for estimating PET and ETₒ is the 

Penman-Monteith equation (FAO-PM), which is recommended by the Food and 

Agriculture Organization (FAO) of the United Nations. 

With the difficulty of estimate and measure the ETo,  scientists and researchers conducted 

different studies in different parts of the world. There are different methods and approaches 

available in literature to measure and estimate the ETo. The main categories of 

evapotranspiration computation groups are direct (field water balance approach and soil 

moisture depletion approach) and indirect methods (empirical/ statistical methods, 

micrometeorological methods and remote sensing methods (Henok et al., 2015; 

Choudhary, 2018; Mokhele et al., 2013; Gharsallah et al., 2013; Hatfield et al., 2016; Long 

& Singh, 2012; Ochoa-sánchez et al., 2019; Tanner, 1967).  

These different estimation approaches of ETo have some limitations mainly  related to 

different climate zones, intention of the study, the spatial scale of the study, time and 

laborious expenses, and availability of input data. Given the time-consuming, cost, and 

laborious expenses scientists emphasized empirical/statistical analysis using different 

empirical approaches. Among these approaches, the most common and convenient are: 

➢ Eddy-covariance (EC) (Anapalli et al., 2018; Ding et al., 2010; Gebler et al., 2015; 

Gharsallah et al., 2013; Hatfield et al., 2016; Hirschi et al.,2017; Liu et al., 2013; 

Moorhead et al., 2019; Shusen et al., 2014; Ochoa-sánchez et al., 2019; Alan, 

1994; Shi et al., 2008) 

➢ Bowen ratio energy balance (BREB) (Dicken et al., 2012; Inman-bamber & 

Mcglinchey, 2003; Savage, 2010; Alan, 1994; Shi et al., 2008; Todd et al.,  2000; 

Yunusa et al., 2004; Zeggaf et al., 2008),   

➢ Penman-Monteith Evapotranspiration (FAO56-PM ) (Almorox, 2018; Beven, 

1979; Cai & Santos, 2007; Choudhary, 2018; Est & Gavil, 2009; Gao et al., 2018; 

Gong et al., 2006; Hatfield et al., 2016; Jim et al., 2004; Kingston et al., 2009; 

Mccoll, 2001; Monteith, 2017; Ochoa-sánchez et al., 2019; Res et al., 2005; 
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Sabziparvar et al., 2013; Schrier et al., 2002; Sentelhas et al.,  2010; Sharifi & 

Dinpashoh, 2014; Shi et al., 2008; Snyder et al., 2004; Sumner & Jacobs, 2005; 

Tanner, 1967; Tegos et al., 2015; Di et al., 2014; Westerhoff, 2015; Yin et al., 

2008) 

➢ Thornthwaite method (Mulualem & Liou, 2020; Dezsi & Mîndrescu, 2018; Dong 

et al., 2020; He et al., 2013; Hui-mean & Yusof, 2018; Res et al., 2005; Schrier et 

al., 2011)  and   

➢ Hargreaves method (Antonio et al., 2014; Hui-mean & Yusof, 2018; Jim et al., 

2004; Kingston et al., 2009; Monteith, 2017; Parajuli et al., 2019; Snyder et al., 

2004; Tanner, 1967).  

The EC method provides the continuous measurements of long‐term fluxes above the 

canopy at the high temporal resolution. The main limitations of EC include underestimation 

compared to lysimeter measurements due to errors in turbulent flux measurements 

(Anapalli et al., 2018; Ding et al., 2010; Gebler et al., 2015; Hirschi et al., 2017; Hatfield 

et al., 2016; Shi et al., 2008), interruptions during weakly turbulent periods, especially at 

night (Hirschi et al., 2017; Lee et al., 1996), limited spatial coverage in measurements, 

making it difficult for model validation at a national scale (Shusen et al., 2014). It is time-

consuming, labor-intensive, and costly (Savage, 2010), and involves complex data 

processing and data quality control methods (Liu et al., 2013). 

BREB is also another estimation method of evapotranspiration and it is used in different 

studies. The main limitations of BREB include the influence of boundary layer stability 

(Dicken et al., 2012), which can result in poor outcomes for large canopies (Dicken et al., 

2012; Yunusa et al., 2004). Additionally, temperature and humidity gradients are small and 

difficult to measure with sufficient resolution for accurate flux estimation (Alan et al., 

1994). The method also tends to underestimate compared to lysimeter data (Zeggaf et al., 

2008) and overestimate latent heat fluxes (Blad & Rosenberg, 1976; Inman-bamber & 

Mcglinchey, 2003; Shi et al., 2008). It requires highly accurate measurements of 

temperature and vapor pressure gradients, particularly for very rough canopies like forests, 

when turbulent mixing is significant (Pitacco et al., 1992). Moreover, it is less effective 

after the growing season (Todd et al., 2000). 

Thornthwaite method has also some limitations. For instance, it underestimates 

evapotranspiration under arid conditions (Hashemi & Habibian, 1978; Subedi & Chávez, 

2015), it is not appropriate for estimating oasis evapotranspiration, a condition of advection 
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of dry hot air to a moist vegetated area (Camargo, 1989), not enough to consider vapor flux 

and heat balance (Palmer et al., 1958), and underestimation with adjective condition (Al-

sudani, 2019).   

Hargreaves method has also some limitations like underestimation and overestimation 

(Givoani et al., 2012; Sepaskhah & Razzaghi, 2009; Subedi & Chávez, 2015) influenced 

by growing seasons and inconsistency in seasonality (Nikam et al., 2014), overestimation 

(Quej et al., 2019), low quality results specifically in climates with high humidity and 

extremely high or low wind speeds (Quej et al., 2019) 

The FAO56-PM has been established as a standard for calculating reference 

evapotranspiration (ET0) (Nikam et al., 2014). This method required air temperature, 

relative humidity, solar radiation and wind speed data inputs, and produced high quality 

output results of ETo compared with  other empirical estimation methods (Alexandris et 

al., 2008; Almorox, 2018; Cai et al., 2007; Gong et al., 2006; Res et al., 2005; Schrier et 

al., 2011; Seginer, 2002). This method is also approved by FAO and American Society of 

Civil Engineers (ACSE) as the best and comprehensive method when the data inputs are 

available (Al-sudani, 2019; Almorox, 2018; Anapalli et al., 2018; Jim et al., 2004; Hashemi 

& Habibian, 1978; Quej et al., 2019; Sharifi & Dinpashoh, 2014; Snyder et al., 2004; 

Subedi & Chávez, 2015). The FAO56-PM is also recommended for its simplicity in 

computational processes, as it only utilizes temperature data. It has shown generally good 

accuracy in describing spatiotemporal characteristics of ETo. Moreover, it performs better 

with high-quality data and larger farmland sizes to produce more accurate results (Peng et 

al., 2017). The main challenge of FAO56-PM is the high requirement of data (temperature, 

wind speed, solar radiation, and relative humidity).  

There are many studies related to estimation of evapotranspiration in Mediterranean 

climate (Est & Gavil, 2009; Gharsallah et al., 2013; Kingston et al., 2009; Moorhead et al., 

2019; Subedi & Chávez, 2015). These studies used different methods and approaches for 

estimation of evapotranspiration  also in relation to the purpose of the study.  In the central 

Spanish Pyrenees (Hess & White, 2009) study stated that even though the FAO56-PM 

challenging high quality of data, this resulted for FAO56-PM method offers a more 

accurate estimation of reference evapotranspiration than the Hargreaves formula. From 

1995 and 1996 maize growth-seasons at Zaragoza, Spain (Utsetet al., 2004) compared the 

FAO56-PM with to Priestley–Taylor (PT) and the study result revealed that PT-ET0 values 

were significantly lower than FAO56-PM calculations.  
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Katerji et al., (2006), tried to calculate the ETo using two models daily and hourly based 

by consider FAO56-PM baseline. Their results showed that FAO56-PM not much sounding 

for short period of time rather 10 days and above is more accurate (Katerji & Rana, 2006). 

The EC showed that underestimated under certain environmental conditions and highly 

sensitive to the choice of the correction method applied (Perez-priego et al., 2017). 

According to (Rana & Katerji, 2000) study, they tried to assesses and evaluate six ETO 

estimation and measurement methods in Mediterranean regions. Based on their study 

result, FAO56-PM is suitable for the Mediterranean region and monthly and seasonal 

temporal scale analysis.  In the Padana Plain (Northern Italy) (Gharsallah et al., 2013) study 

result showed that the FAO56-PM has provided better results compare with other 

estimation and measurements approaches. Some studies also used the FAO56-PM method 

as the reference to compare and evaluate other methods by considering that the best 

standard in Mediterranean climates (Alexandris et al., 2008; Samaras & Reif, 2014).  

The above studies showed that FAO56-PM is the best method for estimation of ETo and 

seasonal variation analysis for long time (above 10 days). Moreover, it is the best method 

for analysis seasonal and monthly variations in the Mediterranean climate (Rana & Katerji, 

2000). 

2.2 Impacts of photovoltaic panels on local hydroclimate 

There is high demand for renewable resources to overcome greenhouse gasses 

emission of fossil fuel and climate change combating (Edalat & Stephen, 2017; 

Grippo et al., 2020). Many countries and governments emphasize wind and solar 

energy to reduce the impact of climate change. Solar photovoltaic (PV) power 

generation is increasing throughout the world and has significant contribution for 

the development of renewable energy (Armstrong et al., 2016; Armstrong et al., 

2014; Cagle et al., 2020.; Hernandez et al., 2019). The PV industry is highly 

developed with related to reduction of its cost and high demand of the technology 

(Jiang & Chen, 2021).  

In 2015, Europe generated a power more than 8.2 GW from the solar plants (Dunlop 

& Roesch, 2020). Germany, Italy, and France hold the lion's share among EU 

countries. While globally the solar plant is generated around 37.6 GW in 2014 (EU, 

2014). Italy has also a great potential for solar energy related to distance from the 

equator compared with to other EU countries (Farinelli, 2004). In 2014, Italy was 
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one of the leading countries in solar power coverage of domestic electricity supply, 

and estimated 8% the total electricity generation of the country (EU, 2014). 

The PVs have a great role for environmental sustainability. The most promising 

significance of PVs are reducing the emission of greenhouse gases (Cagle et al., 

2020; Choi et al., 2020; Delfanti et al., 2016; Kibaara, 2016; Zhiyong  et al., 2012; 

Pisinaras et al., 2014) and cut off the emission of fossil fuel (Chowdhury & Kibaara, 

2016; Pisinaras et al., 2014), non-generating liquid or solid waste products (Liu, 

2019; Tsoutsos et al., 2005)  and they are also cost effective compared with to other 

source of energy (Delfanti et al., 2016; Martín-Chivelet, 2016; Ong et al., 2013). 

The reduction the emission of greenhouse gases (CO2, CH4, NxO and 

chlorofluorocarbons) and providing sustainable energy are the two-primer 

objectives of the PVs.  

Studies also showed that the PVs have additional environmental benefits with the 

connection of the establishment of PVs. The PVs shaded areas increase the soil 

water content and reduce evaporation rate compared with to PVs unshaded area in 

semi-arid of Xingqing District, in the Ningxia Hui Autonomous Region, China 

(Liu, 2019). Results of This study also revealed that the PVs enable to not only 

supply clean energy but also to bring unintended ecological benefits in the future. 

The PV also improves the air quality by balancing the energy and decreasing the 

emission of greenhouse gases (Taha, 2012).  

Hassanpour et al., (2020) addressed the potential impact of agrovoaltic solar panels 

in microclimatology, soil moisture, water usage and biomass in semi-arid 

environment. Their result showed that areas under PVs have higher soil temperature 

than areas far away from PVs and higher biomass concentration (90%) and 328% 

water-efficiency under PVs area. They also illustrated the Water Use Efficiency 

(WUE). It was calculated as the biomass produced per unit of water used.  

Taha (2012) simulation study results showed that there were no adverse impacts on 

air temperature and urban heat islands from largescale PV deployment; instead,  

results showed that solar PV can cool the urban environment by 0.2 °C in Los 

Angeles. The analysis result for 30 consecutive years of Landsat satellite imagery 
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across the Lower Colorado Desert, showed that there was no effect of solar energy 

development on vegetation canopy cover based on normalized difference 

vegetation index (NDVI) values (Potter, 2016).  Another study (Armstrong, Burton, 

et al., 2016) result showed that during the summer season, they observed cooling, 

of up to 5.2 °C, and drying under the PV arrays compared with gap and control 

areas. While, during the winter gap areas were up to 1.7 °C cooler compared with 

under the PV arrays and control areas in Westmill Solar Park, UK.  

The PVs facilities which are installed in degraded lands, are useful for reuse of 

degraded land. Moreover, the PVs will be installed with agricultural land and 

energy production for co-location for agriculture and energy production (Stefano et 

al., 2018; Barron-gafford et al., 2019; Delfanti et al., 2016; Hassanpour et al., 2020; 

Marrou et al., 2013).  

Solar plants have been shown to create positive biodiversity impacts when 

compared to other types of intensive land use. For example, solar plants in the UK 

previously used for agriculture were found to have a greater diversity of flora and 

birds when managed through grazing (Bennun et al., 2021; Hernandez et al., 2014).  

The PV technology also resulted in land use changes in different parts of the world. 

For instance, in the UK, Europe, and globally, it led to land use changes for ground-

mounted solar PV in 2013, which covered approximately 15–79 km2, 204–1019 

km2 and 554–2772 km2, respectively (Armstronget al., 2016).  Even though the PVs 

have great efficiency  to reduce the emission of greenhouse to the atmosphere, it 

has also adverse impacts on vegetation (Armstrong et al., 2016),  microclimate 

(Armstrong et al., 2014), hydrology (Pisinaras at al., 2014),  soil chemical and 

physical characteristics and temperature (Armstrong et al., 2014; Delfanti et al., 

2016; Hassanpour et al., 2020), energy budget (Wu et al., 2020) , soil erosion 

(Wiesinger et al., 2018), air quality (Taha, 2013),  landscape values (Bevk & 

Golobič, 2020) , and aesthetic values (Torres-sibille et al., 2009).  

The effects of PV panels on soil temperature and moisture were studied by Yue and 

Guo in 2021. The study found that the PV panels increased the average soil 

temperature during winter but decreased it during the other three seasons. 
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Moreover, their studies showed that at the sites without shaded areas, the average 

soil moisture under the shaded by fixed tilt PV panels and under the shaded by 

oblique single-axis PV panels increased by 14.7% and by 11.1%, respectively.  In 

desert areas, the daily range of soil temperature at a depth of 5–10 cm at a solar 

farm was lower than that in areas without the PV farm (Yang et al., 2017). The 

temperatures over a PV plant were regularly 3–4 °C warmer than wildlands at night 

(Barron-gafford et al., 2016). Under the PV panels mean air and soil temperature 

during the growing season were cooler compared to the gap between the PV panel 

rows, by approximately 2 °C and 4 °C, respectively (Makaronidou, 2020). The 

diurnal air temperature and relative humidity ranges in the PV power plant were 

greater than those outside the PV power plant (Wu et al., 2020).  

Studies showed that the land use change because of PV will adversely impact on 

habitat fragmentation and disruption the genetic resource movement like 

pollination, disturbance regulation and storm protection, water supply especially 

flow direction, biodiversity, land scarcity, food production system, surface water 

and beautiful sceneries (Murphy-mariscal et al., 2018; Turney & Fthenakis, 2021). 

The natural CO2 sequestration of capacity of the vegetation is decreased because 

increasing and installation the PV at Lecce, Southern Italy (Antonella et al., 2014).  

There are different monitoring systems that are adopted to synthesize the PV 

impacts on environment. Studies applied different approaches such as literature 

review, monitoring experiment and in situ measurements. The effects of PVS on 

environment have different temporal scale such as during construction, operation 

and decommissioning of the PV facilities (Murphy-mariscal et al., 2018).  

2.2.1 The impacts of PVs on air temperature, humidity, wind direction and 

speed, and radiation  

 

The PV panels have impacts on air temperature and microclimate. Taha (2012) 

studied the impacts of PVs on air temperature using mesoscale and meso-urban 

meteorological models. The results showed that large-scale deployment of solar PV 

arrays has no adverse impacts on the atmosphere, solar conversion efficiency of 
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20% or higher. Moreover results showed that PV arrays can cool the air and that a 

very high-density deployment of PV can cause some warming but also larger 

cooling. The PVs reduced the albedo, and this results in the PV values for climate 

mitigation solutions underlying on how its deployed and installed (Nemet, 2009).  

The temperature, albedo, and cloud cover impacts of PVs were assessed in the 

Mojave Desert of California using the coupled climate Weather Research and 

Forecasting (WRF) model (Millstein & Menon, 2011). The result showed that the 

desert surface albedo was darkened, causing local afternoon temperature increases 

of up to +0.4 ◦C. Due to the solar arrays, local and regional wind patterns within a 

300 km radius were affected. Statistically significant but lower magnitude changes 

to temperature and radiation could be seen across the domain due to the introduction 

of the solar arrays. The addition of photovoltaic arrays caused no significant change 

to summertime outgoing radiation when averaged over the full domain, as 

interannual variation across the continent obscured more consistent local forcing 

(Millstein & Menon, 2011). 

Taha, (2012) simulation study result showed that there were no adverse impacts on 

air temperature and urban heat islands from largescale PV deployment rather than 

resulted for solar PV can cool the urban environment by 0.2 0C in Los Angeles. 

Using the HIS-PV (Heat In the Solar PV park) model (Makaronidou, 2020) the 

annual incoming shortwave radiation was strongly affected by solar park 

installation; control received 60% more solar radiation than under and 8% more 

than the gap across all tested zones (p < 0.001). 

Studies showed that contradicting with related to the impact of PVs on air 

temperature. In temperate regions it results increasing of temperature because of 

PVs and resulted for urban heat island (Barron-Gafford et al., 2016a) while in semi-

arid regions the temperature is cooling because of the PVs (Millstein & Menon, 

2011; Taha, 2013; Turney & Fthenakis, 2011). This might happen with different 

experimental designs. For instance, Barron-gafford, (2016) measured the air 

temperature from 2.5 heights while Taha, (2013) measured the air temperature from 

5m heights. The variability in experimental design and measurement heights has 
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also led to discrepancies in the results of various studies. This scenario has been 

verified (Gao et al., 2016). 

On the other hand, there is also increase and decrease of the air temperature because 

of the PVs in deserts areas of the Gonghe PV Power Plant in Qinghai, China (Wu 

et al., 2020). In their experimental campaign, they  installed air temperature and soil 

moisture and temperature sensors in under the PVs, gap between the two PVs rows 

and another reference points to analyze the response of air temperature for the PVs. 

The result showed that the overall daytime air temperature in the PV power plant 

had changed slightly (increased and decreased), while the night-time temperature 

dropped significantly. Specifically, in spring and summer, the daytime temperature 

increased slightly, with a maximum increase of 0.34 ◦C; in autumn and winter, the 

daytime temperature decreased slightly, with a maximum decrease of 0.26 ◦C; in 

all seasons, the night-time temperature decreased, with a maximum decrease of 1.82 

◦C during the winter night. 

This study (Wu et al., 2020) also examined the relative humidity with the same 

experimental set up; the result showed that the relative humid in the PV power plant 

generally increased; except for a slight decrease in summer, the daytime and night-

time relative humidity in spring, autumn, and winter always increased. 

In Qinghai Province (China) the Golmud solar park was also monitored by 

measuring under the PV site and  outside of the PV area (far away 645 m from the 

PV site) (Yang et al., 2017). In the PV site they measured wind direction, air 

temperature, humidity and solar radiation from 10 m height and they measured the 

same variables from 2 m height except solar radiation (which was measured from 

1.5 m height). On the other hand, in the area without PV site (reference that was 

645 m far away from the PV site), wind speed and direction measurements were 

taken at a height of 3 m , while air temperature and humidity measurements were 

taken at a height of 2 m . The measurement taken at a height of 1.5 m was solar 

radiation. The result of this experiment showed that the mean daily albedo in PV 

site is 0.19, while it is 0.26 in the area without PV. The annual mean net radiation 

in the PV site is clearly higher than that of the region without PV (Yang et al., 2017).  
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Moreover, daytime air temperature measured from 2 m height in the two sites is 

essentially the same during winter, while during the other seasons, the daytime air 

temperature in the PV site is higher than that in the region without PV, with the 

maximum difference occurring during the summer. However, the nighttime air 

temperatures at height of 2 m during the four seasons in the solar farm are higher 

than those in the region without PV. The monthly average 2-m air temperature in 

the solar farm is higher than that in the region without PV. 

In Westmill Solar Park (UK) (Armstrong et al., 2016) measurement points - under 

the PV, gap between the two PV and reference point far away the PV area- were 

established. From these points, they measured hourly air temperature and relative 

humidity data for one year from the height of 0.5 meter. The result showed that the 

diurnal variation in both temperature and humidity during the summer was reduced 

under the PV arrays. 

Using the two eddy covariance observational towers, Barron-gafford  et al., (2019) 

analyzed the impact of PVs on surface temperature and energy balance in the 

southern Arizona. The results showed that the average daily maximum 1.5 m 

(height of the recorder) air temperature at the PV array was 1.38C warmer than the 

reference (i.e., non-PV) site, whereas no significant difference in 1.5 m (height of 

the recorder) night-time air temperature was observed. Moreover, the PV modules 

significantly reduce ground heat flux QG storage and night-time release, as the soil 

beneath the modules is well shaded. 

The wind speed at the gap between the PVs is slowed down by 63% annually 

compared to the control areas of the PVs (reference areas of the PV) (Armstrong, 

Burton, et al., 2016) in the UK Grassland.  There is also increase of wind speed 

from the above and a decrease in the magnitude of the afternoon south-westerly 

winds under the panels due to changes of the albedo and the surface roughness in 

desert environments (Millstein & Menon, 2011). Moreover, in temperate 

environment, Fthenakis & Yu, (2013) showed that heating and cooling of the air 

temperature inside the solar park was a function of wind speed, which was south- 

westerly and seemed to be affected by the physical presence of the solar park. 
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The microclimatic conditions between panel mounts were found to be more extreme 

than in the surrounding desert yet beneath the panel’s temperature is lower and 

relative humidity higher than outside the panel area (Anna et al., 2017). 

2.2.2 The impacts of PVs on runoff, percolation, and evapotranspiration  

During construction of the PV and its facilities, there are impacts on surface-water 

flow pathways and water quality, particularly when projects are sited on bajadas, 

individual alluvial fans, floodplains, or near washes. Moreover, the PV required 

cooled water (in arid desert areas) and washing water for the PVs to clean the plates; 

these will result in water stress in the area (Murphy-mariscal et al., 2018).  Recent 

studies in Southwestern US showed that the water use for dust removal is the main 

component (60%-99%) of water consumption in the PV installation (Hernandez et 

al., 2015).   By using HIS-PV (Heat In the Solar PV park) model, Makaronidou, 

(2020) showed that in the area which are completely shaded by the PVs the potential 

evapotranspiration was strongly affected in the Arid (46% less) and the Equatorial 

((35% less)) zone,  compared to the area outside of the PV park (significant level p 

< 0.001).  

The PVs has also adverse impacts on geohydrological resources including the 

erosion of topsoil, that facilitate for the sediment load or turbidity in local streams, 

reduction in the filtration of pollutants from air and rainwater, the reduction of 

groundwater recharge, or the increased likelihood of flooding (Chiabrando et al., 

2009; Turney & Fthenakis, 2011). 

The PVs also has direct effects on hydrological cycle like runoff, percolation, and 

evapotranspiration.  The study (Pisinaras et al., 2014) in Vosvozis river basin in 

North Greece, identified, conceptualized and quantified the PV response  by using 

SWAT model for hydrological cycle like evapotranspiration, percolation and 

runoff. The results showed that the general trend observed both in basin and sub-

basin scale is that surface runoff and percolation increase, while evapotranspiration 

decreases. In general, the coverage of 1% basin area with PVPs does not 

significantly affect the hydrologic budget of the basin, as surface runoff changes 

ranged between 0.9 and 1.27 mm, while the corresponding ranges for 
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evapotranspiration and percolation were 2.3 to 5.2 mm and 0.17 to 0.52 mm, 

respectively. Moreover, the study predicted the long-term potential impact of the 

PVs on local climate using Regional Climate Model (RCM) simulation. This 

simulation from 2011 to 2100 showed that surface runoff and percolation potential 

are significantly increased at the local scale. 

2.2.3 The impacts of PVs on soil moisture, soil temperature, and soil erosion 

 

Makaronidou, (2020) monitored and modelled the spatiotemporal impacts of PV 

panels during growing and non-growing seasons using five linear transects, each 

running perpendicular between two PV panel rows at solar PV park in Wiltshire, 

UK, during 2015-2016. The results showed that the areas which are completely 

shaded by the PV panels mean air and soil temperature during the growing season 

were cooler compared to the gap between the PV panel rows, by approximately 2 

°C and 4 °C, respectively. Moreover, the soil moisture under the panels was higher 

during growing season compared to the gap. Under the PV panels, soil bulk density 

was higher, and the organic matter lower, likely the result of compaction and 

vegetation management during and after construction. In contrast, the induced 

microclimate showed no spatial effect on leaf area index (LAI) nor on the net 

ecosystem exchange (NEE) and the water (H2O) vapor fluxes.  

In the desert areas of Gonghe PV power plant, Qinghai Province, China (Yue & 

Guo, 2021); analyzed the PVs impacts on soil temperature and moisture by 

measuring within a depth of 0–0.4 m from the three types of PV shading conditions: 

shaded by fixed- tilt (FIX) PV panels, shaded by oblique single-axis (OSA) PV 

panels, and no shading. The results revealed that both soil temperature and moisture 

under PV shading were significantly affected compared with those at sites without 

shading. PV panels increased the average soil temperature during winter but 

decreased it during the other three seasons. Whereas, the moisture result showed 

that PV panels have positive effects on soil moisture. Compared with that at the 

sites without shaded areas, the average soil moisture under the FIX PV panels and 

under the OSA PV panels increased by 14.7% and by 11.1%, respectively. 
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In Qinghai Province, China, the Golmud solar park also studied by measuring in 

PV site and without (far away 645 m from the PV site) (Yang et al., 2017). In the 

PV site measured the soil temperature at 5, 10, 20, 40, 80, and 180 cm were recorded 

in the solar farm. Moreover, the area without PV site (reference that 645 m far away 

from the PV site), taken the soil temperature measurements at 5, 10, 20, 40, 80, and 

180 cm were recorded in the region without a PV array. The result of this 

monitoring system revealed that the daily range of soil temperatures at a depth of 

5– 10 cm in the PV site is lower than that in the region without a PV farm. The 

annual range of soil temperatures at a depth of 5–180 cm in the PV site is higher 

than that in the region without PV. The soil temperatures at different depths in 

winter in the PV site are clearly lower than those in the region without PV. The 

daily mean of soil temperatures at a depth of 5-80 cm from October 2012 to March 

2013 in the PV site is clearly lower than that in the region without a PV array (Yang 

et al., 2017).  

Moreover, on Westmill Solar Park, UK (Armstrong et al., 2016) established 3 sites 

(under the PV, gap between the two PV and reference point far away the PV area. 

From these sites, they measured soil temperature and moisture from 10 cm above 

and below the surface for one year.  The result of this study showed that during 

autumn and winter the soil in the gap area was, on average, 1.7 °C cooler than the 

control and under PV throughout the diurnal cycle. 

The PVs also have their adverse and positive impacts on soil erosion. The PVs will 

protect (during operation) the soil erosion especially in the desert areas from wind 

erosion (Zhiyong et al., 2012). They also have adverse impacts during the 

construction time by damaging and destroying the soil strata and vulnerable for 

erosion especially the sand soils texture profile.   

Beyond the soil moisture and temperature, there are also studies conducted the 

impact of the PVs on soil chemical and physical characteristics. After 7 years of 

revegetation in Colorado, US (Choi et al., 2020); the carbon and nitrogen remained 

lower in the PV soil than in the reference soil (outside from the PVs area) and 

contained a greater fraction of coarse particles. Moreover, the PV modules 
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introduced heterogeneity in the soil moisture distribution, with precipitation 

accumulating along the lower edges of panels. 

In Rabbit Hills agrivoltaic solar of Oregon State Campus (Hassanpour et al., 2020),  

analysed and quantified the impact of agrivolatic (agriculture and PV) on soil 

temperature, moisture and air temperature and biomass. The result showed that 

there were significant differences in mean air temperature, relative humidity, wind 

speed, wind direction, and soil moisture were observed. Areas under PV solar 

panels maintained higher soil moisture throughout the period of observation. 

Moreover, there was also a significant increase in late season biomass areas under 

the PV panels (90% more biomass), while areas under PV panels were significantly 

more water efficient (328% more efficient). 
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Table 2.1 Summary of the potential impacts of PVs on hydroclimate and soil 

PVs impacts on hydrology  PV impacts on soil  
PV impacts on 

microclimate 

➢ High consumption of 

water for cleaning 

and cooling 

(Murphy-mariscal et 

al., 2018).  

➢ PVs shaded areas, 

the potential 

evapotranspiration 

was strongly 

affected in the Arid 

(46% less and the 

Equatorial ((35% 

less)) zone, relative 

to the control; (p < 

0.001) 

(Makaronidou, 

2020). 

➢ Erosion resulted for 

sediment load or 

turbidity in local 

streams, reduction in 

the filtration, low 

ground water 

recharge, flooding, 

increasing runoff. 

(Chiabrando et al., 

2009; Turney & 

Fthenakis, 2011). 

➢ Surface runoff and 

percolation increase, 

while 

evapotranspiration 

decreases; and 

surface runoff and 

percolation potential 

are significantly 

increased at the local 

scale  (Pisinaras et 

al., 2014).  

➢ In growing seasons, 

the soil temperature 

of  the PVs shaded 

areas were much 

cooler than other 

areas ; while the soil 

moisture were 

higher than  the PVs 

unshaded 

areas(Makaronidou, 

2020; Hassanpour et 

al., 2020).  

➢ Moreover, under the 

PVs shaded areas 

have higher bulk 

density and lower 

organic matter, C & 

N compared with to 

PVs unshaded 

(Makaronidou, 

2020; Choi et al., 

2020).  

➢ PV shaded are 

higher soil 

temperature in 

winter seasons, and 

lower in other 

seasons; have 

positive effects on 

soil moisture (Yue 

& Guo, 2021).  

➢ Lower daily range, 

and higher annual 

range of soil Temp 

in PV shaded areas 

compared to 

unshaded (Yang et 

al., 2017). 

➢ Solar PV arrays has 

no adverse impact on 

the atmosphere, solar 

conversion efficiency 

of 20% or higher 

(Taha, 2012) 

➢ PVs reduced the 

albedo (Nemet, 

2009). 

➢ Desert surface albedo 

was darkened, 

afternoon Temp 

increase, wind pattern 

with 30 km changed 

(Millstein & Menon, 

2011). 

➢ Both reference (60%) 

and gap areas (8%) 

have more radiation 

than under shaded 

areas (Makaronidou, 

2020).  

➢ Relative humidity 

slightly decreased in 

summer; and the 

daytime and night-

time relative humidity 

in spring, autumn, and 

winter always 

increased (Wu et al., 

2020).  
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2.2.4 The impacts of PVs on biodiversity and ecosystem 

 

The large development of PVs will be impacted in the areas where high biological 

endemism (species with very limited distributions that are often highly adapted to 

their environments), fragile habitats, and high solar resources co-occur, such as the 

Mojave Desert in the southwestern United States (Murphy-mariscal et al., 2018).  

During construction and operation there is removal of aboveground biomass and in 

mortality of wildlife or species displacement especially when grading and scraping. 

Moreover, it will disturb the soil profile and resulted for the destruction of the soil 

biota. The PV and its facilities will impact on birds, mammals, insects, reptiles and 

plants (Murphy-mariscal et al., 2018). These biodiversity will be impacted by the 

PVs and resulted for habitat fragmentation, panels and mirrors (“lake effect”),  and 

fences (Hernandez et al., 2019). The PVs also impacted through making barriers on 

the movements  of species, vegetation cleared (construction),  and disturbance on 

the ecosystem interaction of organisms (Armstrong et al., 2016, 2014; Hernandez 

et al., 2014; Makaronidou, 2020; Potter, 2016; Turney & Fthenakis, 2021). Dust 

suppressants, rust inhibitors,  antifreeze agents,  and herbicides will deplete the 

biodiversity in long-term either regional or local level (Abbasi & Abbasi, 2000).     

The PV will be impacted during construction and operation time. The drastic 

damage  will happen during the construction time (Zhiyong et al., 2012); the 

machinery and transport vehicles will destroy most vegetation coverage and habitat, 

cause environmental vibration and noise, which will scare the animals will migrate 

from their habitat.  

The PVs development asl adversely impacted on aquatic habitat and biota. The PV 

will impacts on them through loss, fragmentation, or prolonged drying of ephemeral 

water bodies and drainage networks resulting from the loss of desert washes during 

the construction of its facility (Grippo et al., 2020). It resulted to attract aquatic 

insects and water- birds, potentially resulting in mortality.  

Experimental studies showed that the species diversity, with both lower under the 

PV arrays (completely shaded by the PV panels) (Armstrong et al., 2016). 
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Photosynthesis and net ecosystem exchange in spring and winter were also lower 

under the PV arrays. This study also revealed that the solar plant revegetated with 

grassland showed that species diversity was lower under PV panels as a result of 

differences in soil and air temperature 

According to IUCN (2021) report the PVs have the following adverse impacts on 

biodiversity and ecosystem service of on biosphere. These are loss of habitat 

through clearance or displacement of land,  bird collision with solar panels, and 

transmission lines, bird and bat mortality through electrocution on distribution 

lines, displacement due to attraction to reflective surface of solar panels,  wildlife 

mortality due to attraction to evaporation ponds, barrier effects to terrestrial 

biodiversity movement, habitat degradation due to changes in hydrology and water 

availability and quality, pollution (e.g. dust, light, noise and vibration, solid/liquid 

waste), indirect impacts from displaced land-uses, induced access or increased 

economic activity, associated ecosystem service impacts, habitat alteration due to 

changes in microclimatic effect of solar panels and introduction of invesive and 

alien species.  

 

2.3 Discrepancies of the findings  

 

Most of the studies applied comparisons of PVs between PVs shaded areas, gap 

areas and reference areas. The results showed that there were discrepancies of the 

impact of PVs on the PVs shaded area’s on hydroclimatic, soil and biodiversity 

pattern.   

The shaded areas under the PV panels showed an increase in air temperature from 

heights of 0.5 meters to 2.7 meters compared to reference areas (Adeh et al., 2018). 

It was observed that the annual air temperature was consistently higher (Fthenakis 

& Yu, 2013). At night, the shaded areas were regularly 3–4 °C warmer than 

wildlands (Barron-Gafford et al., 2016). From a height of 1.5 meters, the average 

daily temperature was 1.3°C warmer (Broadbent et al., 2019). Additionally, higher 

daytime air temperatures were observed in all seasons except winter, along with 
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higher nighttime temperatures in all seasons and higher monthly temperatures 

(Yang et al., 2017). 

Studies have also   confirmed that  there was no change  air temperature between 

PVs shaded and reference areas (Taha, 2013);  from 1.5m height record the air 

temperature (Broadbent et al., 2019); and daytime air temperature in winter (Yang 

et al., 2017).  In contrast, the PVs shaded areas also showed decreasing of air 

temperature during summer season  (Armstrong et al., 2016) from 1.2 m and 2.0 

meters height (Adeh et al., 2018).  

Relative humidity also showed discrepancies between the PV shaded and reference 

area. The relative humidity  of the PVs shaded areas showed that lower compared 

with to the reference areas from 0.5, 1.2, 2 and 2.7 meters heights (Adeh et al., 

2018); decreasing trend in summer season (Armstrong et al., 2016);  and general 

decreasing trend of relative humidity (Pisinaras et al., 2014). On the other hand , 

the relative humidity also showed  higher values on full day,  and during spring, 

winter, autumn seasons (except slight decreasing in summer season) (Wu et al., 

2021).  

The biodiversity and the biomass of the PVs shaded areas showed decreasing 

compared with to reference areas (Armstrong et al., 2016). The net ecosystem and 

photosynthesis also lower in spring and winter season under the PV shaded areas 

compared with to the reference area (Armstrong et al., 2016). Moreover, the PV 

shaded areas affected the aquatic ecosystem because of the loss, fragmentation, or 

prolonged drying of ephemeral water bodies and drainage networks resulting from 

the loss of desert washes within the construction footprint of the facility (Grippo et 

al., 2015). Additional adverse impacts of PVs on biodiversity and ecosystem are 

habitat degradation,  birds and wildlife  mortality and displacement, invasive 

species, barrier for the integration of ecosystem, light, noise and other pollution 

(Armstrong et al., 2014; Bennun et al., 2021; Hernandez et al., 2014). On the other 

hand, the PVS also resulted in an increasing of vegetation population and also 

resulted increasing of precipitation (Li et al., 2018); and biomass, microhabitat 

index and species richness were showed higher values because the area was desert 
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and arid (Liu et al., 2019).  

The  PVs shaded areas  showed that  lower amount of incoming short radiation and 

net solar radiation  (Adeh et al., 2018); upward long-wave radiation at night  and 

similar amount at daytime , lower average surface albedo (Li et al., 2022); lower 

albedo (Yang et al., 2017); lower photosynthetically active radiation (PAR) (Liu et 

al., 2019); and  decrease of incident solar radiation reaching the ground surface 

(Pisinaras et al., 2014). In contrast, studies also showed that the PVs shaded areas  

showed that higher amount daytime net radiation (Broadbent et al., 2019); annual 

mean net radiation (Yang et al., 2017), average net radiation of the underlying 

surface (Li et al., 2022); and the daytime net shortwave radiative forcing increases 

(Jiang  et al., 2021). 

The PV shaded areas configured higher soil water content and low evaporation (Liu, 

2019; Liu et al., 2019); lower evapotranspiration and better water efficiency 

(Marrou et al., 2013a); discrepancy in the soil moisture distribution, with 

precipitation accumulating along the lower edges of panels (Choi et al., 2020); and 

significantly more water efficient (328%) (Adeh et al., 2018). The PVs shaded areas 

also  did not significantly affect the hydrologic budget of the basin, as surface runoff 

changes ranged between 0.9 and1.27mm, while the corresponding ranges for 

evapotranspiration and percolation were −2.3 to −5.2 mm and 0.17 to 0.52 mm, 

respectively (Pisinaras et al., 2014). 

The wind speed and direction were also affected by the PV infrastructure. The 

shaded areas under the PV panels predominantly exhibited a southward direction 

(Adeh et al., 2018; Armstrong et al., 2016; Fthenakis & Yu, 2013; Makaronidou, 

2020; Millstein & Menon, 2011; Turney & Fthenakis, 2011) because related to the 

orientation of the panels. Moreover the PVs area wind speed showed that higher 

speed (Adeh et al., 2018; Jiang et al., 2021). On the other hand the wind direction 

of the southernly is getting decreased by 38% from 10m height of observation 

(Jiang et al., 2021).  

The PVs have also affected the soil -physical and chemical characteristics.  The 

study result showed that the carbon and nitrogen remained lower in the PV soil than 
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in the reference soil and contained a greater fraction of coarse particles (Choi et al., 

2020). PVs shaded areas increased the average soil temperature during winter but 

decreased it during the other three seasons and the soil moisture was higher all  

seasons under the PVs shaded areas (Yue et al., 2021); higher soil moisture in a 

year from 20-60 cm depth (lower soil moisture less than 20 cm depth) (Adeh et al., 

2018); and higher annual range of soil temperature (Yang et al., 2017). The PVs 

areas also showed that  decreasing of soil temperature (Liu et al., 2019); lower soil 

temperature all seasons except winter season (Armstrong  et al., 2016); and lower 

daily range of soil temperature (Yang et al., 2017).  

To sum up, these finding discrepancies are resulted with the different climate zones 

and types, instrumentation and experiment procedures, duration and timing of data 

recording and duration of analysis (Figure 2.1).  

Figure 2. 1 The reason for discrepancies of findings regarding the impacts of PVs 

on different hydroclimate, soil and biodiversity. 
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2.4 Conclusion 

 

The PV infrastructure is growing at an alarming rate worldwide, with a focus on efficiency 

to reduce greenhouse gas emissions into the atmosphere. However, there is a lack of 

awareness regarding the potential adverse impacts of PVs on hydrology, climate, soil, 

biodiversity, and other environmental components. Studies have shown that PVs can have 

both negative and positive impacts on climate, soil, and hydrology, as well as instances 

where no significant changes occur. 

The impact of PVs on local air temperature varies. Research by Taha (2013) 

indicates that there is no change in air temperature due to PVs. However, a 

comparison between shaded PV areas and unshaded areas reveals daily, seasonal, 

and annual variations in air temperature. In desert areas, the shaded PV areas tend 

to be much warmer than the unshaded areas in the afternoon, while in temperate 

zones, the PV areas are cooler than the unshaded areas during summer seasons. 

These temperature variations also occur during winter, summer, and growing and 

non-growing seasons. In temperate regions, PVs contribute to increased 

temperatures, leading to urban heat islands, whereas in semi-arid regions, PVs 

contribute to cooling. PVs also affect radiation, with shaded areas receiving less 

solar radiation compared to unshaded areas. Furthermore, relative humidity 

increases both during the day and night due to PVs, except in the summer season. 

Additionally, PVs slow down and decrease wind speed compared to areas without 

PVs, which regulates air temperature and affects albedo under the PVs due to 

reduced wind speed. 

The PV infrastructure requires cooled water in arid desert areas and washing water 

to clean the PV panels. This results in water storage and stress in the area. PVs also 

have an impact on the geohydrological environment, causing topsoil erosion, 

increased turbidity in local streams, reduced filtration of pollutants from air and 

rainwater, decreased groundwater recharge, and an increased likelihood of runoff 

flooding. PVs contribute to increased surface runoff and percolation while 

decreasing evapotranspiration. 

PVs also affect soil by regulating soil temperature and moisture, as well as causing 
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soil erosion and destruction of soil strata during PV infrastructure construction. For 

example, the soil temperature and organic content under the PV panels are 

significantly lower during the growing season compared to areas not covered by PV 

panels. Additionally, soil moisture and soil bulk density under the panels are higher 

during the growing season compared to the gaps. Moreover, the magnitude of the 

impact of PVs on soil varies with soil depth. For instance, the daily range of soil 

temperature at a depth of 5-10 cm is lower in the PV areas compared to unshaded 

areas, whereas the annual range of soil temperatures at a depth of 5-180 cm in the 

PV site is higher than that in regions without PVs. 

In conclusion, PVs have potential impacts on microclimate, soil, and hydrology. 

However, discrepancies in findings exist due to different monitoring systems, 

climatic zones, and experimental designs. 
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Chapter 3 

Evaluation of Reference Evapotranspiration Estimation Methods 

for the Assessment of Hydrological Impacts of Photovoltaic Power 

Plants in Mediterranean Climates 

Abstract:  

Large-scale photovoltaic (PV) power plants may affect the hydrological cycle 

in all its components. Among the various components, evapotranspiration is 

one of the most important. As a preliminary step for assessing the impacts of 

PV plants on evapotranspiration, in this study, we performed an evaluation 

study of methods for estimating reference evapotranspiration (ETo). FAO and 

ASCE recommend the Penman–Monteith (PM) method for the estimation of ETo 

when the data for all involved variables are available. However, this is often not 

the case, and different empirical methods to estimate ETo, requiring mainly 

temperature data, need to be used. This study aimed at assessing the performance 

of different temperature- and radiation-based empirical ETo estimation methods 

against the standardized PM ETo method in an experimental photovoltaic 

power plant in Piazza Armerina, Sicily, Italy, where a meteorological station 

and a set of sensors for soil moisture were installed. The meteorological data were 

obtained from the Ambiens Energy srl Environmental Lab from July 2019 to end 

of January 2022. By taking the ETo estimations from the PM method as a 

benchmark, the study assessed the performance of various empirical methods. 

In particular, the following methods were considered: Hargreaves and Samani 

(HS), Baier and Robertson (BR), Priestley and Taylor (PT), Makkink (MKK), 

Turc (TUR), Thornthwaite (THN), Blaney and Criddle (BG), Ritchie (RT), and 

Jensen and Haise (JH) methods, using several performance metrics. The result 

showed that the PT is the best method, with a Nash–Sutcliffe efficiency (NSE) 

of 0.91. The second method in order of performance is HS, which, however, 

performs significantly worse than PT (NSE = 0.51); nevertheless, this is the 

best among methods using only temperature data. BG, TUR, and  THN 

underestimate ETo,  while MKK,  BG, RT, and JH showed overestimation of 

ETo against the PM ETo estimation method. The PT and HS methods are thus 

the most reliable in the studied site. 

Keywords: statistical performance metrics; Penman–Monteith method; empirical 

methods; PV panels 
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3.1     Introduction 

Recently, the solar photovoltaic (PV) plant areas have been increasing globally, as 

they are seen as a valid source of renewable energy production (Armstrong et al., 

2014, 2016; Cagle et al., 2020; Edalat & Stephen, 2017; Grippo et al., 2015; 

Hernandez et al., 2019). These PV panels contain directly produced energy from 

the incoming solar radiation (Barron-Gafford et al., 2016; Nemet, 2009; Yang et 

al., 2017). The PV will be influenced and attributed on the amount of solar radiation 

on the existing local climate system (Barron-Gafford et al., 2016; Broadbent et al., 

2019; Yang et al., 2017).  This solar radiation is also a crucial part of reference 

evapotranspiration (ETo). Solar radiation highly contributed to the trend and 

sensitivity of evapotranspiration compared with the other climatological elements 

(Luo et al., 2021; MÉszároš & Miklánek, 2006).  Therefore, before we estimate and 

analyze the impact of PV on evapotranspiration, it is necessary to carefully select 

which empirical estimations should be applied on the study area. 

 

The ETo process is entirely linked to the exchange of water and energy within land, 

soil, atmosphere, and biosphere (Gebler et al., 2015; Moeletsi et al., 2013; Ochoa-

Sánchez et al., 2019). ETo can be estimated by using earth–atmosphere energy 

balance aerodynamics principles or by more simplistic empirical models (Moeletsi 

et al., 2013; Pandey et al., 2016).  The estimation of ETo can be carried out either 

directly (field water balance approach and soil moisture depletion approach) or 

indirectly (empirical/statistical methods, micrometeorological methods, and remote 

sensing methods)  (Alemu et al., 2015; Choudhary, 2018; Gharsallah et al., 2013; 

Hatfield et al., 2016; Long & Singh, 2012; Moeletsi et al., 2013; Tanner, 1967). 

Empirical estimation of  ETo is very helpful to understand the spatiotemporal 

configuration of hydrological cycle and climatological components and for water 

use, agricultural, ecological applications, and other developmental projects 

(including large-scale photovoltaic panels) (Chen et al., 2005; Moeletsi et al., 2013; 

Xu & Singh, 2002). An accurate estimation of ETo is important to improve the 

understanding of water and energy exchange processes between land and 

atmosphere that are relevant for many scientific disciplines and agricultural 

management (Gebler et al., 2015). 

Mediterranean climate studies have evaluated the ETo empirical estimation 

methods against the PM method and filed measurements (Est & Gavil, 2009; 

Gharsallah et al., 2013; Kingston et al., 2009; Moorhead et al., 2019; Subedi & 

Chávez, 2015). With reference to the Central Spanish Pyrenees, Hess and White 

(2009) found that the FAO56–PM method offers a more accurate estimation of 

reference evapotranspiration than the Hargreaves formula against the field 

lysimeter measurement. From 1995 and 1996, a study on the maize growth seasons 
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at Zaragoza, Spain (Utset et al., 2004), compared the FAO56–PM with Priestley–

Taylor (PT), and the study revealed that PT ETo values were significantly lower 

than the FAO56–PM calculations. 

Katerji and Rana (2000) calculated the ETo by using the FAO56–PM method from 

hourly and daily data. The result of this study showed that the FAO56–PM was not 

effec- tive for timescales shorter than 10 days, whereas for greater intervals, it was 

more accurate. Katerji and Rana (2000) evaluated ten ETo estimation methods in 

Mediterranean regions by field lysimeter measurements; the results showed that the 

FAO56–PM is sufficiently accurate for the Mediterranean region at monthly and 

seasonal temporal–scale analysis, and the second for performance was the 

Hargreaves–Samani method (1985) (Rana & Katerji, 2000).  Gharsallah et al. 

(2013), with reference to two sites in the Padana Plain, Northern Italy, showed that 

the FAO56–PM provides better results than other indirect estimation methods 

against lysimeter measurements. The FAO–PM method also showed the highest R2 

(0.96) value compared to radiation-based models of Makkink and Priestley–Taylor, 

against scintillometer measure- ments in Sicily (Agnese et al., 2012). The FAO–

PM method is used as a standardized method for comparison of other temperature, 

radiation, and mixed (radiation and temperature) based methods in different areas 

of the world  (Nikam et al., 2014; de Melo & Fernandes, 2012; Lang et al., 2017; 

Pandey et al., 2016; Xu & Singh, 2002).  

A study in Alentejo, Southern Portugal (Rodrigues & Braga, 2021),  also evaluated 

nine ETO estimation empirical methods; the result showed that the HS radiation 

adjustment coefficient (kRs) produced the best performance against the FAO56–

PM. In addition to the ETo empirical estimation methods, machine learning also 

proved to be helpful to estimate the ETo. A study in Valenzano, Southern Italy, 

showed that the k-Nearest Neighbor (kNN) machine learning technique had the best 

performance only when using temperature data input, compared with the Artificial 

Neural Networks (ANNs) and Adaptive Boosting (AdaBoost) models to predict 

daily potato crop evapotranspiration against the gravimetric measurement and 

FAO–PM method (Yamaç & Todorovic, 2020).  Yamaç and Todorovic (2020) 

conducted a study that also confirmed that ANN showed the highest performance 

with temperature, wind speed, solar radiation, and relative humidity data inputs 

compared with the machine learning techniques against the FAO–PM method and 

gravimetric measurement. The study in Ranichauri (India) and Dar El Beida 

(Algeria) compared the artificial neural network (ANN)-embedded grey wolf 

optimizer (ANN–GWO), multi-verse optimizer (ANN–MVO), particle swarm 

optimizer (ANN–PSO), whale optimization algorithm (ANN–WOA), and ant lion 

optimizer (ANN–ALO) hybrid machine learning approaches against the FAO–PM 

standard; the result showed that the ANN–GWO-1 model with five input variables 

(Tmin, Tmax, RH, Us, Rs) provided better estimates at both study stations (RMSE 
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= 0.0592/0.0808, NSE = 0.9972/0.9956, PCC = 0.9986/0.9978, and WI = 

0.9993/0.9989) (Tikhamarine et al., 2019).  

 

The empirical estimations of ETo have their advantage and disadvantageous. In 

general, except for the FAO–PM method, they do not need full meteorological data;  

rather, they will use either one or two input data. This will be considered as an 

advantage, especially in developing countries (Mulualem & Liou, 2020; Tellen, 

2017). The main disadvantage is over- or underestimation in different climate 

systems. For instance, Hargreaves–Samani showed both under- and overestimation 

in Mediterranean climate  (Todorovic et al., 2013).  The Priestley–Taylor, 

Thornthwaite, and Blaney–Criddle models showed overestimation by 0.2 mm per 

day, while the Makkink and Hargreaves–Samani models showed an underestimate 

0.2 mm per day in Peninsular of Malaysia (Goh et al., 2021).  

In the Goulburn-Murray Irrigation Area (GMIA) of Southeastern Australia (Azhar 

& Perera, 2011), one study evaluated Hargreaves (HAR), improved Hargreaves 

(IHA), FAO-24 Radiation (RAD), Ritchie-type (RIT), FAO-24 Class-A Pan with 

pan coefficients of Doorenbos and Pruitt (PEV) and empirical regression coefficient 

(SEV), combination methods McIlroy (McI), FAO– Penman with wind functions 

of Watts and Hancock (W–H) and Meyer (M_PY), and the Penman–Monteith (P–

M); and the result showed that there were both underestimations and 

overestimations in the two sample sites. In arid regions across Iran, Irmak (Irmak 

et al. 2003), Hargreaves–Samani (Hargreaves and Samani 1985), and Hargreaves 

(1975) equations showed the best performance compared to 13 other commonly 

applied empirical methods against the FAO–PM method (Nazari et al., 2020). A 

study in Southern Manitoba (Ndulue & Ranjan, 2021), aassessed the performance 

of the 14 commonly used ETo estimation methods, and the result showed that 

Valiantzas-1, Valiantzas-3, Irmak, Valiantzas-2, and Priestley–Taylor models 

scored the best in regard to performance against the FAO–PM method. 

Specifically in Sicily, by using the scintillometer measurements, six ETo empirical 

estimation methods were compared in Southwest Sicily (Minacapilli et al., 2016a),  

obtaining the following ranking in respect to performance: FAO–PM, Priestley–

Taylor, Makkink (1957), and Turc. Closely similar analyses compared radiation 

based and aerodynamic-radiation based ETo estimation methods against 

scintillometer measurements; the result showed that the radiation-based model of 

Priestley–Taylor had the best performance (Agnese et al., 2012). In a study 

conducted in the semi-arid Mediterranean areas of the Belice Basin, Sicily 

(Bartholy, 1997), it was reported that the Hargreaves method gave a better 

performance compared with remote sensing data against the filed measurement. 

The abovementioned studies conducted in Sicily used radiation-based methods. 

How- ever, temperature- and aerodynamics/radiation-based methods still remain 
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poorly evaluated. To test the hypothesis of this study, besides the FAO–PM method, 

we applied other ETo empirical estimation methods and substituted when there was 

a lack of data to apply to the FAO–PM method. Therefore, the objective of this 

study was to evaluate the nine ETo empirical estimation methods, which include 

temperature-, radiation-, and aerodynamics/radiation-based methods against the 

FAO56–PM method and to apply the best-performing method for future research 

work about the impact of PVs infrastructure on evapotranspiration in Ambiens S.r.l. 

Lab, near Piazza Armerina, Sicily. 

3.2 Methodology  

Study area 

In this study we analyze the data collected at the experimental site in Piazza 

Armerina, Sicily, Italy, owned by Ambiens S.r.l. The site has the aim at large-

scale PV plants impacts on local hydroclimate and soil in Piazza Armerina, Sicily. 

A meteorological station has recorded every 10 min temperature (◦C), relative 

humidity (%), air pressure (hPa), wind direction, wind speed (m/s), and solar 

radiation (w/m2) from 1 July 2019 to 14 January 2022 for 929 days record data. 

The sensors that were used to record the variables were a thermo-hygrometer, 

barometer, anemometer, rain gauge, and pyranometer. The site is located at 

37◦20′42.19” N, 14◦24′16.11” E, and has an altitude of 558 m a.s.l (Figure 3.1). 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 



Assessing potential impacts of Solar Power Plants on hydrology: evapotranspiration 

and local scale effects on runoff 

 

41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 3. 1 (a) Location of the experiment site and (b) on-site view of the 

meteorological station. 

The climate of Sicily is typically Mediterranean along the coasts, with hot but not 

torrid summers, mild and short winters, and moderate annual rainfall (average 

around 750 mm), occurring mainly from October to March. The annual average 

temperature along the coast is between 17 and 18.7 ◦C, with July being the hottest 

month (Torina et al., 2006). It is also characterized by hot and dry summer and 

mild and rainy winter  (Bonaccorso et al., 2015).  

The study used maximum, minimum, and mean temperature; solar radiation; 

relative humidity; and wind speed for the FAO56–PM method and other ETo 

estimations methods depending on their necessary variables. The data for these 

variables were obtained from the  mentioned meteorological station. The data 

cover the period from July 2017 to 31 January 2022 for all four meteorological 

variables. 

The Standardized ETo Estimation (FAO/Penman–Monteith) Method 

The FAO–PM has been established as a standard for calculating reference 

evapo- transpiration (ETo) (Nikam et al., 2014). The method requires air 

temperature, relative humidity, solar radiation, and wind speed data and is 

usually reported as the most accurate compared to other empirical ETo 

estimation methods (Alexandris et al., 2008; Almorox, 2018; Antonopoulos & 

Antonopoulos, 2018; Chen et al., 2005; Gong et al., 2006; Schrier et al., 2011; 

Seginer, 2002). 

(b) (a) 
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This equation is simplified by integrating the original Penman–Monteith 

equation and the equations of the aerodynamic and canopy resistance, yielding 

the following FAO/Penman–Monteith equation: 

 

 

 

𝐸𝑇𝑜 =
0.408∆(𝑅𝑛 − 𝐺) + 𝛾

900
𝑇 + 273𝑈2

(𝑒𝑠 − 𝑒𝑎)

∆ + 𝛾(1 + 0.34 𝑈2)
……………………… .3.1 

 

 

where: 

 ETo is the reference evapotranspiration (mm day−1), Rn is the net radiation at the 

crop surface [MJ m−2 day−1], G is the soil heat flux density [MJ m−2 day−1], T is the 

air temperature at 2 m height [°C], 𝑈2 is the wind speed at 2 m height [m s−1], es is 

the saturation vapor pressure [kPa], ea is the actual vapor pressure [kPa], es−ea is 

the saturation vapor pressure deficit [kPa], ∆ is the vapor pressure curve slope [kPa 

°C−1], and 𝛾 is the psychrometric constant [kPa °C−1]. 

Moreover, 900 and 0.34 are, respectively, the constants by considering the 

clipped grass reference crop, while for the alfalfa crop, they are 1600 and 0.38, 

respectively (FAO 1998). 

 Selected ETo Estimation Methods 

 

Considering the effectiveness of the Mediterranean climate and Sicily climate, the 

study selected ten ETo empirical estimation methods, including temperature-based, 

radiation-based, and the mixed-based (aerodynamic radiation) methods (Table 3.1). 
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Table 3. 1 Selected ETo empirical estimation methods which are compared with 

against the FAO56–PM method with their equation, reference, and other 

information. 

Method  
Model 

Type  

Abbre

viation 
Formula 

Timescal

e  

Paramete

rs  

Hargreaves and 

Samani (1985) 
Temp HS 0.0023Ra(Tavg + 17.8) (Tmax − Tmin)

0.5 Daily  
Tmax, Tmin, 

φ 

Baier and 

Robertson 

(1965) 

Temp  BR 
0.157Tmax + 0.158(Tmax − Tmin) + 

0.109 Ra − 5.39 
Daily  

Tmax, Tmin, 

φ 

Priestley and 

Taylor (1972),  
Rad  PT 1.26 

𝛥

𝛥+𝛾

𝑅𝑛−𝐺

𝜆
 Daily 

Tmax, Tmin, 

φ, Tavg 

Makkink 

(1957) 
Rad  MAK 0.61

𝛥

𝛥+𝛾

𝑅𝑠

 2.45
− 0.12 Daily  Tavg, Rs 

Turc (1961 Rad  TUR 0.013(
𝑇𝑎𝑣𝑔

𝑇𝑎𝑣𝑔+15
) (𝑅𝑠 + 50) Daily  Tavg, Rs 

Thornthwaite 

(1957)  
Temp  THN 16 (10

𝑇𝑎𝑣𝑔

𝐼
)a×

𝑁

360
 Monthly 

Tmax, Tmin, 

φ 

Blaney and 

Criddle (1950)  
Temp  BG p (0.457Tavg + 8.128) Monthly  

Tavg and p 

(FAO 

document)  

Ritchie (1972) Rad  RT 
𝛥

𝛥 + 𝛾
𝑅𝑛 Daily  Rs 

Jensen and 

Haise (1963) 
Rad  JH 𝑅𝑠(0.0252Tavg + 0.078)  Daily  Tavg, Rs 

Note:  

Temp, temperature-based method; Rad, radiation-based method; Tmax, maximum 

temperature; Tmin, minimum temperature; Tavg, mean temperature; φ, latitude; I, 

annual heat index, defined as the summation of 12 values of the monthly heat; N, 

maximum number of sunshine hours in the month (h/d); a, empirical exponent 

function of the annual heat index, I (a = 6.75 × 10−5I3 + 7.71 × 10−7I2 + 1.79 × 

10−2I+ 0.492); Ra, extraterrestrial radiation (MJ m−2 day−1); Rs, solar radiation 

(MJ m−2 day−1); p, mean daily percentage of annual daytime hours. For Jensen and 

Haise (1963), RS should be changed in mm d−1 (Rs mm d−1 = 0.408×Rs in MJ m−2 

day−1); eo, mean saturation vapor pressure for a day in KPa; G = soil heat flux 

density, MJ m−2 d−1 (for this study the value zero because of its daily analysis); 𝛥, 
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− 

slope of the vapor pressure curve, kPa·°C−1; γ is psychrometric constant, 

kPa·°C−1; 𝜆, latent heat of vaporization (MJ kg−1); Rn, net radiation at the crop 

surface, MJ m−2 d−1(Table 3.1).  

Statistical Analysis 

To evaluate the best ETo estimation methods against the FAO–PM international 

stan-dard method, we considered the following metrics: Nash–Sutcliffe efficiency 

(NSE), Akaike Information Criterion (AIC), Bayesian Information Criterion 

(BIC), Willmott index (d), Coefficient of Determination (R2), Mean Absolute 

Error (MAE), Mean Basis Error (MBE), and Root Mean Square Error (RMSE). 

The NSE is a widely used and potentially reliable statistic for assessing the 

goodness of fit of hydrologic models (McCuen et al., 2006). The NSE ranges 

from −∞ to 1. When NSE is close to 1, the quality of the method for estimating 

ETo is perfect. When NSE is less than 0, the estimation is worse than the observed 

mean, and thus it is not reliable (Peng et al., 2017). 

 

 

𝑁𝑆𝐸 = 1 −
∑ (𝑂𝑖 − 𝑃𝑖)

2𝑛
𝑖=1

∑ (𝑂𝑖 − �̅�)2
𝑛
𝑖=1

,   3.2 

𝑅2 =

{
 

 ∑ (𝑂𝑖 − �̅�
𝑛
𝑖=1  ) (𝑃𝑖 − �̅�)

√∑ (𝑂𝑖 −  �̅�)2
𝑛
𝑖=1 ∗ √∑ (𝑃𝑖 − �̅�)2

𝑛
𝑖=1 }

 

 
2

,  3.3 

𝑀𝐴𝐸 =
∑ (|𝑂𝑖 − 𝑃𝑖|)
𝑛
𝑖=1

𝑛
 , 3.4 

𝑅𝑀𝑆𝐸 = √ 
∑ (𝑃𝑖 − 𝑂𝑖)2
𝑛
𝑖=1

𝑛
,  3.5 

𝑀𝐵𝐸 = �̅� − �̅� . 3.6 

𝐴𝐼𝐶 = −2𝑙𝑛𝐿 + 2𝑘 3.7 

𝐵𝐼𝐶 = −2𝑙𝑛𝐿 + 𝑘𝑙𝑛 (𝑛)  3.8 

𝑑 = 1 −
∑ (𝑃𝑖 − 𝑂𝑖)

2𝑛
𝑖=1

∑ (|𝑃′𝑖| + |𝑂′𝑖|)2
𝑛
𝑖=1

  3.9 

 

where 𝑃𝑖   are the values obtained from the ETo estimation methods to be assessed 

𝑂𝑖  are the reference ones, derived from the FAO–PM method, �̅� and �̅�, are the 
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respective arithmetic mean and n is sample size.  𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝑙𝑦, 𝑃′
𝑖
= 𝑃𝑖 − 𝑂 ̅ and 

𝑂′𝑖 = 𝑂𝑖 − 𝑂.̅ 

Moreover, in AIC and BIC, n means number of values, L is the maximum value of 

the likelihood function for the model, and k is the number of free parameters in the 

model. 

3.3 Results 

Assessing ETo empirical estimation methods’ performance is essential in 

relation to discrepancies of performance in different climate systems (Utset et al., 

2004). Temperature- and radiation- based empirical ETo estimation methods have 

different performances. Table 3.2 showed that the average daily ETo value of 

PM is highly similar to the ETo values of the PT and HS methods, respectively. 

The NSE values (Table 3.2) showed that the PT and HS have the best 

performance over other methods, with values of 0.91 and 0.51, respectively, 

against the PM ETo method. The other methods showed negative values of 

NSE. The negative values of NSE imply that the methods are not 

recommended or not well calibrated against the PM method (Gupta & Kling, 

2011; Jain & Sudheer, 2008; McCuen et al., 2006).  

Table 3. 2 Statistical indicators for the performance of the ETo estimation methods 

against the FAO–PM ETo estimation method. 
 

PM HS BR PT MK

K 

TU

R 

RIT JH THN BG 

average 2.32 2.88 1.65 2.39 2.86 1.26 4.61 3.68 65.3

6 

4.39 

NSE 
 

0.51 −1.0

1 

0.91 −0.5

1 

−0.4

9 

−4.4

2 

−4.5

8 

−1.7

4 

−6.4

4 

RMSE 

(mm/d) 

 
0.80 1.63 0.34 1.41 1.41 2.68 2.72 41.5

0 

2.22 

AIC  −68

1.4 

1537

.6 

−3363

.02 

1435

.9 

147

4.8 

290

2.02 

328

5.2 

90.3

2 

19.4

2 

BIC  −67

4.04 

1544

.94 

−3355

.7 

1443

.3 

148

2.14 

290

9.4 

329

2.6 

92.8 21.9

1 

Willmot

t index 

 0.65

1 

0.31

8 

0.865 0.49

9 

0.37 0.18 0.03

4 

0.57

7 

0.45

14 

MAE 

(mm/d) 

 
0.66 1.30 0.26 0.95 1.20 2.32 1.84 36.3

4 

1.94 

MBE 

(mm/d) 

 
0.56 −0.6

7 

0.06 0.54 −1.0

6 

2.29 1.36 −9.2

3 

1.94 

R2 
 

0.75 0.01 0.94 0.40 0.35 0.94 0.29 0.18 0.42 
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Note: The THN values are the overall monthly average of ETo, while the BG values 

are the monthly daily average ETo values; and others empirical methods have daily 

ETo values. 

 

The AIC values result also confirmed that PT and HS are the lowest values, 

with    ̶  3633.02 and  ̶ 681.4, respectively, compared with the other ETo 

empirical estimation method. The AIC and BIC values showed the lowest 

values, meaning that they are the best models compared with other models 

(Fan & Thomas, 2013; Gul et al., 2021; L. Zhang et al., 2019). Moreover, the BIC 

value results for PT and HS showed the lowest values, with 3355.7 and 674.04, 

and this implies that the PT was the best model, and the HS was the second best 

compared with other models against the FAO–PM ETo estimation method. 

The Willmott Index result also showed that the PT method was the highest, 

with a value of 0.865, and the second highest was HS, with the value of 0.651, 

when compared with other ETo empirical estimation methods (Table 3.2). The  

highest value of Willmott Index means that the model has the best performance 

against the standard model (de Melo & Fernandes, 2012; Pandey et al., 2016; 

Tikhamarine et al., 2019; Valipour, 2015). 

 

The RMSE values result (Table 3.2) showed that the PT and HS were the lowest 

values, with 0.34 mm per day and 0.8 mm per day errors, respectively; while  

the THN also showed that with 41.5 mm in monthly scale. The JH and RIT 

illustrated the highest RMSE, with 2.72 mm per day and 2.68 mm per day 

errors (most likely greater than the daily average PM ETo value). The MAE 

values of PT, HS, and MKK showed that less than 1 mm per day errors with 

0.26, 0.66, and 0.95 mm per day, respectively. Meanwhile, in monthly scale, 

the  THN also showed that 36.34 mm per month MAE value. Moreover, the 

MBE values of PT, MKK, and HS showed values close to zero, with 0.06, 

0.54, and 0.56 mm per day errors, respectively, against the PM ETo method. 

While RIT showed the poorest performance of   MBE values against the PM 

ETo method with 2.29 mm per day overestimate error. 

The coefficient determination of the ETO estimation methods against the PM 

ETO estimation method was evaluated. The result (Table 3.2) showed that the 

PT, RIT, and HS values highly correlated with the PM ETo with 0.94, 0.94, and 

0.75 R2 values. On the other hand, the BR and THN have the lowest correlation 

with PM ETo values, with 0.01 (there is no correlation) and 0.18, respectively. 

In general, the performance result showed that the PT is the best method compared 

with other methods against the PM ETo method. The second better ETo estimation 

method is the HS. This showed that the radiation-based method (PT) is better than 
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the temperature- based methods in the study area. Among temperature-based 

methods, the HS showed the best performance compared to other methods. The 

PT confirmed the highest performance: NSE = 0.91, RMSE = 0.34 mm per day 

error, MAE = 0.26 mm per day error, MBE = 0.06 mm per day error, and R2 = 

0.94; followed by HS NSE = 0.51, RMSE = 0.80 mm per day error, MAE = 

0.66 mm per day error, MBE = 0.56 mm per day error, and R2 = 0.75 (Table 

3.2). 

 

To sum up, the performance assessment statistical metrics result showed that the 

PT and HS configured equivalence; TUR, THN, and BR showed 

underestimations (Figure 3 . 2); and RT, BG, JH, and MKK configured an 

overestimation of ETo against the PM ETo estimation method (Figure 3.2). 

 

 

 

 

 

 

Figure 3. 2 Comparison of PM ETo time-series data to other ETo estimation 

(a) 

(b) (c) 

(a) 
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methods: (a) daily ETo in mm for PM, PT, BR, HS, JH, MKK, RIT, and TUR 

from 1 July 2019 to 14 January 2022; (b) average daily ETO per month for PM 

and BG from 1 July 2019 to 14 January 2022; (c) monthly ETo in mm for PM 

and THN from 1 July 2019 to 14 January 2022. N.B.: BG and THN are 

calculated based on monthly timescale, and the others were daily scale. 

The R2 is highly supportive the correlation between the observed and estimated 

model. Table 3.2 showed that the correlation between the FAO–PM ETo 

estimation method and other temperature- and radiation-based ETo estimation 

methods. The result showed that the PT and RIT showed the highest R2 values 

(both 0.94) compared with other methods (Table 3.2). Both RIT and PT are 

radiation-based models, and net radiation (Rn) was the main input for them. The 

HS also has the second highest R2 value (0.75) compared with other ETo 

estimation methods (the first highest from temperature based ETo estimation 

methods). Additionally, BR, THN, and JH are the lowest R2 values 0.01, 0.18, and 

0.29, respectively (Table 3.2). Specifically, BR showed that there is no significant 

correlation to the PM ETo estimation method. TUR, MKK, and BG estimation 

methods showed a moderate correlation to the PM ETo estimation method, with 

R2 values 0.35, 0.40, and 0.42, respectively (Table 3.2). 

3.4 Discussion 

Hargreaves and Samani (1985) 

The Hargreaves and Samani (1985) (which we denote as HS in this study) is the 

second better performance compared to other ETo estimation methods. This 

method showed good performance against the FAO–PM ETo estimation method 

(Nikam et al., 2014) in a humid subtropic climate on monthly evapotranspiration. 

The result showed that the Hargreaves and Samani (1985) method R2 value was 

0.889 and the highest compared to Thornthwaite (1957), Turc (1962), and 

Priestley–Taylor (1972) against the standard FAO–PM ETo estimation method. It 

also showed relatively similar values to the PM ETo values in Sichuan Basin and 

Tibetan Plateau in China compared with the Makkink, Abtew, Priestley–Taylor, 

Thornthwaite, Hamon, Linacre (Lin), and Blaney–Criddle methods against the 

standard PM method (Lang et al., 2017) during a warm, temperate monsoonal 

summer, on the seasonal and yearly scale. In Southern Italy, namely in Campania, 

Basilicata, Apulia, Calabria, and Sicily, the Hargreaves and Samani (1985) showed 

a better performance in regard to MAE and Bias (0.52 and 0.03 mm per day, 

respectively) values compared with the Makkink ETo method (0.55 and  ̶0.11 mm 

per day, respectively) values against the PM method with the values (Senatore et 

al., 2015) in a hot summer Mediter- ranean climate. The Hargreaves–Samani 
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method showed higher than that obtained by the modified Thornthwaite method 

against the lysimeter measurement in Shiraz, Iran (Sepaskhah & Razzaghi, 

2009).  It showed also the second performance compared with other temperature-

based meth- ods next to the PM temperature-based method, with the values of 

R2 = 0.68, NSE = 0.68, MAE = 0. 92 mm d−1, and RMSE = 0.74 mm d−1) 

(Quej et al., 2019) in a tropical savanna climate.  

Baier–Robertson (1965) 

The Baier–Robertson (1965) result showed less than the average of the PM 

method (1.65 mm per day) and underestimated the ETo daily values (Table 

3.2). It showed that the RMSE, MAE, MBE, and R2  values are 1.63, 0.30,  

 ̶0.67, 0.01 mm d−1, respectively. This showed that there is also an 

insignificant correlation between the PM method and the Baier–Robertson 

(1965). In the central hilly region of Ivan Sedol, eastern hilly region of 

Sokolac, central of Bugojno, and central of Sarajevo, the Baier–Robertson 

(1965) showed that underestimation of ETo into daily scale compared with 

both radiation- and temperature-based empirical methods (Čadro et al., 2017) 

in a temperate humid climate, humid boreal, and Mediterranean climate. 

Priestley–Taylor (1972) 

Priestley–Taylor method showed that the highest performance compared to all 

other ETO estimation methods, using different statistical metrics evaluation 

(Table 3.2). The Priestley–Taylor showed the highest correlation with the PM 

ETo method in daily ETo scale compared with the Makkink, de Bruin–

Keijman, modified Penman, Hargreaves–Samani, Jensen–Haise, and Blaney–

Criddle methods in Northern Greece (Antonopoulos and Antonopoulos, 2018) 

in the Mediterranean climate. In South- west Sicily olive groves, the Priestley–

Taylor showed a better performance next to the PM method against the 

scintillometer filed measurements in daily ETo (Minacapilli et al., 2016) in a 

hot summer  Mediterranean climate. 

Makkink (1957) 

The NSE value of the Makkink (1957) showed a negative value ( ̶ 0.51), that 

the Makkink (1957) should not be recommended to estimate ETo in the study 

area. This method also showed a negative value (  ̶ 0.2) for NSE and was not 

considered from the proposed estimation method across different regions of 

China (Peng et al., 2017) in monthly and annually ETo. This method 
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overestimated compared  to the standard PM method: 2.86 and 2.32 mm daily 

average ETo (Table 3.2). In Northern Greece Makkink (3.179 mm per day) 

also showed a higher daily average value than the PM method (2.824 mm per 

day) (Antonopoulos & Antonopoulos, 2018). It also showed negative values 

( ̶1.857) for NSE in Southwestern China  (Lang et al., 2017).  The MBE result 

of the MAK was also lower than the HS in the Southern Italy (Senatore et al., 

2015). 

Turc (1961) 

Turc (1961) showed an underestimation and lesser daily average values 

compared with the standardized PM method and a negative value of NSE (Table 

3.2). For the grassland central part of Serbia, this method also showed 

underestimated daily ETo values and was lower than the PM method (Tellen, 

2017) in daily ETo under the warm, temperate humid climate. The index of 

agreement of the TUR was also the lowest in different regions in the northern and 

southern areas of Mostar in Bosnia and Herzegovina (Čadro et al., 2017). 

 

Thornthwaite (1957) 

The Thornthwaite (1957) monthly analysis result showed that the NSE =   ̶1.74 

and  R2 = 0.18 (Table 3.2), and it underestimated compared to the PM method. 

It showed that there was a poor correlation between the PM method and the 

Thornthwaite method (1967). This method is also not recommended based on 

its result of the NSE. In three regions of Southwestern China, it also showed 

NSE negative values against the PM method in seasonal ETo (Lang et al., 

2017).  

Blaney and Criddle (1950) 

The Blaney and Criddle (1950) overestimated and had the following values: 

NSE=  ̶6.44, and RMSE = 2.22 mm per day, and R2 = 0.42 (Table 3.2). It also 

showed higher average values than the PM method. It showed a negative NSE 

value in three regions of Southwestern China (Lang et al., 2017). It showed 

higher average values than the PM method in Northern Greece (Antonopoulos 

& Antonopoulos, 2018).  

The performance of the BG also categorized as bad in Minas Gerais, Brazil 

against to the PM method (de Melo & Fernandes, 2012) in daily ETo under 

the tropical climate. 
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Ritchie (1972) 

The Ritchie (1972) result was highly correlated with the PM method, 

including the PT, because both used net solar radiation as the main input for 

their estimation method. Despite the R2, it showed a lower performance, with 

a negative NSE value ( ̶ 4.42), and it is not recommended for ETo estimated 

in the studied area because of its NSE negative value. It showed 

overestimated, and the mean daily ETo values were two times those of the PM 

method’s ETo value, 4.61 mm per day. In Northeastern India, it was evaluated 

in three sites against the PM method; it had higher average values compared 

with the PM method (Pandey et al., 2016). Additionally, it showed highest 

values of R2 (0.98) in the Jowai site compared to other ETo estimation 

methods (Pandey et al., 2016) in daily ETo under humid summers, severe 

monsoons, and mild winter climate. Additionally, it showed highest values of 

R2 (0.98) in the Jowai site compared to other ETo estimation methods (Pandey 

et al., 2016). It showed also the second highest R2 (0.98) value compared with 

the other 22 ETo estimation methods against the PM method in Iran (Valipour, 

2015) in daily ETo, under a subtropical climate. 

Jensen and Haise (1963) 

The Jensen and Haise (1963) method of this study showed a lower 

performance on the statistical metrics assessment (Table 3.2). It showed 

overestimated and higher mean values (3.68 mm per day) than the PM method. 

Moreover, it also showed a negative NSE value ( ̶ 4.58) and is, thus, not 

suitable for the studied site ETo estimation method (Table 3.2). In Northern 

Greece, a similar performance was observed when comparing the 

temperature- and radiation-based methods (Antonopoulos & Antonopoulos, 

2018). It is considered to be the most unsuitable method when compared with 

other temperature- and radiation-based methods against the PM method in 

different parts of Northeastern India (Pandey et al., 2016). It also showed the 

second highest value RMSE (1.67 mm per day) next to the original Penman 

method (2.52) compared with other methods in Uberaba-MG, Brazil (de Melo 

& Fernandes, 2012). 
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3.5 Conclusions 

The aim of this study was to identify the best ETo estimation methods for 

future works that will assess the impact of the PV on evapotranspiration and 

decide which meteorological instrumentation should be installed under PVs. 

The study assessed the performance of different ETo estimation methods 

against the PM method in an experimental PV site in Piazza Armerina, Sicily, 

Italy. Different statistical performance assessment metrics were considered for 

the evaluation of both temperature- and radiation-based methods against the 

PM method. The study assessed the performance of 10 methods based on 

various statistical metrics, i.e., Nash–Sutcliffe efficiency (NSE), Coefficient 

of Determination (R2), Mean Absolute Error (MAE), Mean Basis Error 

(MBE), and Root Mean Square Error (RMSE). The results showed that the 

Priestley–Taylor method (1972) (radiation-based) was the best method, with 

an NSE = 0.91, RMSE = 0.34 mm/d, MAE = 0.26 mm/d, MBE = 0.06 mm/d, 

and R2 = 0.94. The AIC, BIC, and Willmott Index results also confirmed that 

the PT and the HS were the first and second best performing models against 

the PM method, respectively. The second method which showed the best 

performance was that of Hargreaves and Samani (1985) (temperature-based), 

with an NSE = 0.51, MSE = 0.80 mm/d, MAE = 0.66 mm/d, MBE = 0.56 

mm/d, and R2 = 0.75. Baier–Robertson (1965), Turc (1961), and 

Thornthwaite (1957) showed underestimations, while the Makkink (1957), 

Blaney– Criddle (1950), Ritiche (1972), and Jensen–Haise (1963) showed 

overestimation of ETo against the PM ETo estimation method. Hence, the 

Priestley–Taylor (1972) and Hargreaves– Samani (1985) methods are the most 

recommended methods if not all variables required for the PM method are 

available.
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Chapter 4 

Trend Analysis and Identification of the Meteorological Factors 

Influencing Reference Evapotranspiration 

Abstract:  

Investigating the trends of reference evapotranspiration (ETo) is fundamental im-

portance for water resource management in agriculture, climate variability analysis, 

and other hydroclimate-related projects. Moreover, it would be useful for 

understanding the sensitivity of such trends to basic meteorological variables, as 

the modifications of these variables due to climate change are more easily 

predictable. This study aims to analyze ETo trends and sensitivity in relation to 

different explanatory meteorological factors. The study used a 17 year-long dataset 

of meteorological variables from a station located in Piazza Armerina, Sicily, a 

region characterized by a Mediterranean climate. First, the FAO-Penman-Monteith 

method was applied for estimation of ETo. Next, the Mann-Kendall test with serial 

autocorrelation removal by Trend-free pre-whitening (TFPW) was applied to 

analyze ETo trends and the basic meteorological variables on which they depend. 

Sen’s slope was also used to examine the magnitude of the trend of monthly ETo 

and its related meteorological variables. According to the obtained results, ETo only 

showed a downward trend of 0.790 mm per year in November, while no trend is 

shown in other months or on seasonal and annual time scales. Solar radiation 

(November and Autumn) and rainfall (Au-tumn) showed a downward trend. The 

other meteorological variables (minimum temperature, maximum temperature, 

mean temperature, wind speed, and relative humidity) showed an upward trend both 

at monthly and seasonally scale in the study area. The highest and lowest sensitivity 

coefficients of ETo in the study area are obtained for specific humidity and wind 

speed, respec-tively. Specific humidity and wind speed give the highest (44.59%) 

and lowest (0.9%) contribution to ETo trends in the study area. These results 

contribute to understanding the potential and possible future footprint of climate 

change on evapotranspiration in the study area. 

Keywords: climate change; reference evapotranspiration; Mann-Kendall test; 

sensitivity analysis; contribution rate 
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4.1 Introduction 

Reference evapotranspiration (ETo) is a pivotal part of the hydrological cycle and 

of the most crucial physical processes in natural ecosystems and environmental 

systems on our plane (Ochoa-Sánchez et al., 2019). The reference surface of ETo 

considered the hypothetical grass reference crop to have an assumed crop height of 

0.12 m, a fixed surface resistance of 70 s m−1, and an albedo of 0.23. ETo enables 

one to calculate the energy and water exchanges in vegetation (Glenn et al., 2010;  

Zhang et al., 2020), soil surface (Parajuli et al., 2019), land surface (Ellsäßer et al., 

2020; He et al., 2013), and atmosphere (Dickinson, 1984; Long & Singh, 2012; 

Mueller et al., 2011). Estimation and measurements of ETo contribute greatly to 

our understanding of earth’s energy budget, agricultural water management, water 

resource management, and climate change studies (Dezsi & Mîndrescu, 2018; Dong 

et al., 2020; Han et al., 2018; He et al., 2013; Hui-mean & Yusof, 2018; Kingston 

et al., 2009;  Li et al., 2017; Nam et al., 2015). There are different methods and 

approaches for measuring and estimating ETo. These methods can be divided into 

two main groups: direct methods (field water balance approach and soil moisture 

depletion approach) and indirect methods (empirical/statistical methods, 

micrometeorological methods, and remote sensing methods (Alemu et al., 2015; 

Choudhary, 2018; Gharsallah et al., 2013; Hatfield et al., 2016; Long & Singh, 

2012; Moeletsi et al., 2013; Ochoa-Sánchez et al., 2019; Tanner, 2015).  

Moreover, it is of fundamental importance to analyze the trends in reference 

evapotranspiration in order to understand the potential impacts of climate change 

on ETo. Different methods for analyzing trends in hydroclimate variables over 

space and time are available in the literature. Both parametric and non-parametric 

methods were applied for hydroclimate time series analysis in different part of the 

world (Alemu et al., 2015; Gul et al., 2021; Tegos et al., 2015; Z. Yang et al., 2011). 

In parametric methods, linear regression is used for trend analysis for different 

meteorological variables including ETo (Gocic & Trajkovic, 2014; Gul et al., 2021; 

Yang et al., 2011). These parametric methods are helpful for explaining the 

relationship between two or more variables using a linear relationship (Gocic & 

Trajkovic, 2014). However, parametric methods require data to be independent and 

normally distributed, while non-parametric trend tests only require data to be 

independent and can tolerate outliers in the data (Shadmani et al., 2012). One of the 

most commonly applied non-parametric tests for assessing trend significance is the 

Mann Kendhall test (MK-test) (Mann, 1945; Kendhall, 1975; (Ahmad et al., 2015; 

Gul et al., 2021; Kamal & Pachauri, 2019; Shadmani et al., 2012; Blain et al., 2014; 

Zhang et al., 2020). 

The MK-test allows one to determine whether or not the trend is monotonic, in 

terms of monthly, seasonal, and annual time series of evapotranspiration, as well as 
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other hydro-climatological variables (Ahmad et al., 2015; Bouklikha et al., 2021; 

Buhairi, 2010;  Caloiero et al., 2020; Merabtene et al., 2016). Additionally, to 

investigate trend magnitude, Sen’s slope is widely used as a non-parametric 

method, including in ETo analysis (Ghafouri-Azar et al., 2018; Gocic & Trajkovic, 

2014; Gul et al., 2021; Ndiaye et al., 2020; Sonali & Kumar, 2016).  Meanwhile, 

sensitivity analysis is also essential for identifying the most influential factors in 

cases where a monotonic trend is present(Ndiaye et al., 2020). 

In addition to estimation of ETo, there are studies concerning the trend and 

magnitude of ETo in different parts of the world. By applying the MK test and Sen’s 

Slope, ETo trends showed different configurations on a monthly, seasonal, and 

annual scale. The annual trend of ETo increases as the temperature increases in 

different studies (Ghafouri-Azar et al., 2018; Gul et al., 2021; Ndiaye et al., 2020; 

Shadmani et al., 2012; Z. Yang et al., 2011; Zhang et al., 2020a). There are also 

studies showing a downward trend of ETo as related to temperature. Such situations 

are called “Evapotranspiration Paradox” because this behavior contrasts with the 

upward trend of global temperature (Ndiaye et al., 2020; Sonali & Kumar, 2016;  

Yang et al., 2011). In seasonal trend analysis, ETo showed downward trends in 

summer in many parts of the world (Gul et al., 2021; Ndiaye et al., 2020; Shadmani 

et al., 2012). In monthly significant trend analysis, there are different pattern 

configurations in different studies. 

With reference to the Mediterranean area, there are studies showing that climate 

variables and extreme events are changing (Liuzzo et al., 2015). There are also some 

studies conducted to assess and compare different estimation methods of ETo in 

Sicily (Aschale et al., 2022; Borzì et al., 2020; Mario Minacapilli et al., 2007; Negm 

et al., 2017; Minacapilli, et al., 2017; Provenzano & Ippolito, 2021). There are also 

studies about the amount of ETo and its configuration for different crops in Sicily 

(Consoli et al., 2006; Minacapilli et al., 2009). 

In general, ETo has shown both increasing  (Ghafouri-Azar et al., 2018; Gul et al., 

2021; Ndiaye et al., 2020; Shadmani et al., 2012; Yang et al., 2011; Zhang et al., 

2020a), and downward trends across the world, as documented in several studies 

(Ndiaye et al., 2020; Sonali & Kumar, 2016; Yang et al., 2011). On the other hand, 

there are also different areas showing the absence of trends for ETo. ETo trends are 

subject to both spatial and temporal variations (monthly, seasonally, and annually). 

Further studies analyzing and comparing trends of monthly, seasonal, and annual 

ETo are needed, especially with reference to the Mediterranean climate. Many 

previous studies in other regions do not investigate the main factors affecting ETo 

trends. Therefore, this study, apart from estimating ETo trends at multiple temporal 

scales, we provide some additional insights to provide a better understanding of the 

evapotranspiration dynamics by analyzing the sensitivity and contribution rate of 

each variable to evapotranspiration trends. To this aim, we refer to ETo estimations 
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made by the Penman-Monteith formula. Analysis is carried out using the data 

collected in an experimental site located in Piazza Armerina, Sicily, Italy. In 

addition to these points, it may be also mentioned that, in many previous studies, 

the sensitivity of ETo trends to air humidity is carried out respective to relative 

humidity. However, this relative humidity represents a measure of the actual 

amount of water vapor in the air compared to the total amount of vapor that can 

exist in the air at its current temperature (Willett et al., 2007). It implies that air will 

have a higher relative humidity if the air is cooler, and a lower relative humidity if 

the air is warmer. Hence, this study will examine the sensitivity and contribution 

rate of specific humidity for ETo rather than that for common relative humidity, 

because specific humidity is always considered a measure of the actual amount of 

water vapor (moisture) in the air, regardless of air temperature (Hobbins, 2016). 

4.2. Data and Methods 

4.2.1. The FAO-Penman-Monteith Method 

The FAO-PM has been established as a standard for calculating reference 

evapotranspiration (Nikam et al., 2014). This method requires air temperature, 

relative humidity, solar radiation, and wind speed data input and is produced high 

quality output results of ETo compared to other empirical ETo estimation methods 

(Alexandris et al., 2008; Almorox, 2018; Chen et al., 2005; Schrier et al., 2011; 

Seginer, 2002). This method was also approved by the FAO and the American 

Society of Civil Engineers (ACSE) as the best and most comprehensive method, to 

be used when the necessary data inputs are available (Al-sudani, 2019; Almorox, 

2018; Anapalli et al., 2018; Hashemi & Habibian, 1979; Jim et al., 2004; Quej et 

al., 2019; Sharifi & Dinpashoh, 2014; Subedi & Chávez, 2015). 

A simplified equation was recommended by the FAO (Allen et al., 1998) with the 

FAO-56 Penman-Monteith Equation, by assuming some constant parameters for a 

clipped grass reference crop. In particular, the reference crop was assumed to be a 

hypothetical crop with crop height of 0.12 m, a fixed surface resistance of 70 s m−1, 

and an albedo value (i.e., portion of light reflected by the leaf surface) of 0.23. 

This simplified equation is obtained by integrating the original Penman-Monteith 

equation and the equations of the aerodynamic and canopy resistance: 

𝐸𝑇𝑜 =
0.408∆(𝑅𝑛 − 𝐺) + 𝛾

900
𝑇 + 273𝑈2

(𝑒𝑠 − 𝑒𝑎)

∆ + 𝛾(1 + 0.34 𝑈2)
  4.1 

 

where: ETo is reference evapotranspiration (mm day−1),( Rn) is the net radiation at 

the crop surface [MJ m−2 day−1], G is the soil heat flux density [MJ m−2 day−1], T is 

the air temperature at 2 m height [°C], 𝑈2 is the wind speed at 2 m height [m s−1], 
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es is saturation vapor pressure [kPa], ea is actual vapor pressure [kPa], es−ea is the 

saturation vapor pressure deficit [kPa], ∆ is the vapor pressure curve slope [kPa 

°C−1], and 𝛾 is the psychrometric constant [kPa °C−1]. 

4.2. 2 Sen’s Slope Estimator 

Sen’s slope is a method for estimating the magnitude of a trend in time series data 

(Ahmad et al., 2015; Ghafouri-Azar et al., 2018; Gocic & Trajkovic, 2014; Gul et 

al., 2021; Hu et al., 2019; Kamal & Pachauri, 2019) by evaluating the slope of the 

trend (Sen, 1968). This study used a 0.05 significance level confidence. When |Z| > 

1.96, the null hypothesis is rejected, and the trend is significant at 5%. If a trend is 

detected in the data series, its amount can be evaluated by the slope of the trend (β 

in the following). Hence, the magnitudes of the trends in ETo were studied using 

Sen’s slope estimator: 

 

𝛽 = 𝑀𝑒𝑑𝑖𝑎𝑛 (
𝑋𝑖 − 𝑋𝑗

𝑖 − 𝑗
)  𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖 > 𝑗  4.2 

 

where 𝑋𝑖 and 𝑋𝑗 are the data values at times i and j, respectively. While the value 

of β > 0, the time series of the ETo and other climatic factors are increasing and the 

vice versa. 

 

4.2.3 Mann-Kendall Test 

The Mann-Kendall test is the most effective method for supporting statistically 

significant trend tests for different hydro-climatological time series analysis 

and is widely applied in the literature (Alemu et al., 2015; Dong et al., 2020; 

He et al., 2013; Hui-mean & Yusof, 2018; Nam et al., 2015; Peng et al., 2017). 

The main advantage of the MK test is that it does not require the data to follow 

any statistical distribution and not sensitive to extreme values(Alemu et al., 

2015; Diop et al., 2016; Ndiaye et al., 2020). The test is based on two 

hypotheses: the null hypothesis (Ho) which supposes that the test is stationary 

and no trend exists, and the alternative hypothesis (H1), which rejects Ho and 

indicates the existence of a trend. Mann-Kendall’s statistical S is given by the 

following formula: 

 

S =  ∑ ∑ Sgn(Xj − Xk)

n

j=k+1

n−1

k=1

  4.3 
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where Xk and Xj are the values of the variable at time k and j, respectively, n is 

the length of the series and Sgn() is the sign function, defined as follows:  

 

It has been documented that when n > =10, the statistic S is approximately normally 

distributed with the mean E(S) = 0, and its variance is: 

 

𝑉𝑎𝑟 (𝑠) =
𝑛(𝑛 −  1)(2𝑛 +  5) − ∑ 𝑡𝑖( 𝑡𝑖 − 1)(2𝑡𝑖 + 5)

𝑚
𝑖=1

18
  4.4 

 

where n is the number of data points, m is the number of tied groups (a tied group 

is a set of sample data having the same value), and 𝑡𝑖 is the number of data points 

in the ith group. 

 

The standardized test statistic (Z) is computed as follows: 

 

Z =

{
 
 

 
 

𝑆 − 1

√𝑉𝑎𝑟(𝑆)
, 𝑖𝑓 𝑆 > 0

0, 𝑖𝑓 𝑆 = 0
𝑆 + 1

√𝑉𝑎𝑟(𝑆)
, 𝑖𝑓 𝑆 < 0

  4.5 

 

 

The null hypothesis, H0, meaning that no significant trend is present, is accepted if 

the test statistic (Z) is not statistically significant, i.e., −Zα/2 < Z < Zα/2, where Zα/2 

is the standard normal deviate. 

 

To overcome the limitation of the MK test related to autocorrelation of the original 

data that could affect the outcome of the test (Zhang et al., 2020), a trend-free 

prewhitening (TFPW) algorithm was applied. This method enables removing serial 

dependence, which is one of the main problems in testing and interpreting time 

series data (Ahmad et al., 2015; Wu et al., 2021; Zhang et al., 2020). Trend-free 

prewhitening includes the following steps: 

 

 

 

Sgn(Xj − Xk) = {

1 𝑖𝑓 (𝑋𝑗 − 𝑋𝑘) > 0

0 𝑖𝑓 (𝑋𝑗 − 𝑋𝑘) = 0

−1 𝑖𝑓 (𝑋𝑗 − 𝑋𝑘) < 0

  4.6 
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Calculate the first-order coefficient of autocorrelation (r): 

 

𝑟 =  
∑ (𝑋𝑡 − �̅�𝑡)(𝑋𝑡+1 − �̅�𝑡+1)
𝑛−1
𝑡=1

√∑ (𝑋𝑡 − �̅�𝑡)2
𝑛−1
𝑡−1 ∑ (𝑋𝑡+1 − �̅�𝑡+1)2

𝑛−1
𝑡−1

  4.8 

 

 

Remove any trend items from the time series variables to form a sequence without 

trend items: 

 

Supplement the trend term βt to obtain a new sequence without an autocorrelation 

effect: 

 

𝑌𝑡 = 𝑌𝑡́ − 𝑟1𝑌𝑡−1 + 𝛽𝑡  4.9 

 

 

where: 

 

𝑋𝑡 is the value of the variable at time t of the time series, n is the length of the data, 

and �̅�𝑡 is the aver-age value. To assesses significance of the trend, the original MK 

test is applied to 𝑌𝑡. 

4.2.4. Sensitivity Analysis 

Sensitivity analysis enables one to calculate the influence of climatic variables on 

ETo (Darshana et al., 2013; Irmak et al., 2006; Liang et al., 2008; Patle et al., 2020; 

Sharifi & Dinpashoh, 2014). The sensitivity coefficient is the rate of variation in 

ETo with respect to meteorological variables (Ndiaye et al., 2020; Patle et al., 

2020). It is a quantitative parameter that represents the effect degree of change of 

ETo when one or several related meteorological factors are changed (Li et al., 

2017). To precisely determine the sensitivity of ETo to humidity, it needs to 

differentiate the specific humidity from the relative humidity. The relative humidity 

does not show the humidity exactly; rather it consists of humidity and temperature 

on its partition. Hence, this study used specific humidity (SHU) to precisely 

determine and examine the sensitivity and contribution of humidity to the ETo trend 

in this study. 

 

 

𝑌𝑡 = 𝑋𝑡 − 𝛽𝑡  4.7 
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The specific humidity is computed as follows: 

 

𝑒 = 6.112 exp
17.6 𝑇𝑑

𝑇𝑑 + 243.5
  4.10 

𝑞 =
0.622 𝑒

𝑝 − (0.378 𝑒)
  4.11 

 

where e is vapor pressure in mbar, Td the dew point in °C, p the surface pressure in 

mbar, and q the specific humidity in kg/kg. 

 

The dew point temperature is also computed as follows: 

 

𝑒𝑠 = 6.112 ∗ exp
17.67𝑇

𝑇 + 243.5
  4.12 

 

 

Otherwise, for Equation (4.10) we can use the following: 

 

𝑒 = 𝑒𝑠
𝑅𝐻

100
  4.13 

 𝑇𝑑 =
log (

𝑒
6.112) ∗ 243.5

17.67 − log (
𝑒

6.112)
  4.14 

 

where T is the mean temperature in °C, es is saturation vapor pressure in mbar, e is 

vapor pressure in mbar, and RH is relative humidity in percent. 

 

Tmax and Tmin contribute differently to the ETo trend. The FAO PM equation 

(Equation (3.1)) includes the es saturation vapor pressure [kPa], ea actual vapor 

pressure [kPa], and their difference (es−ea saturation vapor pressure deficit [kPa]). 

These terms are computed using the Tmax and Tmin. 

 

The sensitivity coefficient equation is: 

 

𝑆𝑣𝑖 = lim
𝑣𝑖→0

(
∆𝐸𝑇𝑜/𝐸𝑇𝑜

∆𝑣𝑖/𝑣𝑖
) 4.15 

 

where 𝑆𝑣𝑖 is the sensitivity coefficient of 𝑣𝑖, ΔETo is the variation in ETo, 𝑣𝑖 is the 

meteorological factor, and ∆𝑣𝑖 is the variation in 𝑣𝑖. 
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The positive or negative sensitivity coefficient means that ETo increases or 

decreases with the increase or decrease of a climatic variable. The values of the 

sensitivity coefficient (SVI) for a particular climatic parameter show the magnitude 

of the sensitivity of ETo in variation in that parameter. The larger the absolute value 

of the sensitivity coefficient, the larger the effect of a given variable on ETo (Liang 

et al., 2008; Patle et al., 2020; Sharifi & Dinpashoh, 2014; Wu et al., 2021). 

 

Moreover, (Lenhart et al., 2002) the range of variation of the sensitivity coefficient 

was divided into four levels, as shown in Table 4.1. 

 

Table 4. 1 Classification of the sensitivity coefficient. 

Sensitivity Coefficient Sensitivity Level 

0.00≤|𝑺𝒗𝒊|<0.05 Negligible  

0.05≤|𝑺𝒗𝒊|<0.2 Moderate 

0.2≤|𝑺𝒗𝒊|<1 High 

1.00≤|𝑺𝒗𝒊| Very high 

4.2.5. Contribution Rate 

This is computed by multiplying the sensitivity coefficient of a single 

meteorological factor by its relative change rate (Li et al., 2017). If the contribution 

rate results >0, then the change of the factor means that ETo is increasing, which 

means that the factor had a positive contribution to the variation of ETo. If the 

contribution rate <0, then the change in the factor means that ETo is decreasing, 

and that the factor had a negative contribution (Li et al., 2017) . 

 

𝐶𝑜𝑛𝑣𝑖 = 𝑆𝑣𝑖 ∗ 𝑅𝐶𝑣𝑖  4.16 

𝑅𝐶𝑣𝑖 = 100
𝑛 ∗ 𝑇𝑟𝑒𝑛𝑑𝑣𝑖

|𝑎𝑣𝑖|
100 4.17 

 

where, Con𝑣𝑖 is the contribution rate of 𝑣𝑖, RC𝑣𝑖 is the relative change rate in 𝑣𝑖, n 

is the number of years, a𝑣𝑖 is the mean value of 𝑣𝑖, and Trend𝑣𝑖 is the annual trend 

in 𝑣𝑖. 
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4.2.6 Study Area and Data 

 

The proposed approach was applied to an experimental site located in Piazza 

Armerina (Sicily, Italy). The climate in this area is typically Mediterranean, with 

hot but not torrid summers, mild and short winters, and moderate annual rainfall 

mainly occurring in the period from October to March (Bonaccorso et al., 2015). 

The annual average temperature along the coast is between 17 and 18.7 °C, with 

July being the hottest month (Torina et al., 2006). The maximum (Tmax) and 

minimum temperature (Tmin), relative humidity (RH), wind speed (WS), and solar 

radiation (SR) data were obtained from Piazza Armerina meteorological station 

installed and managed by the Sicilian Agro-meteorological informative service 

(Servizio Informativo Agrometeorologico Siciliano—SIAS, 

http://www.sias.regione.sicilia.it/, accessed on July 20, 2022). The astronomical 

location of the meteorological site is 37.382171° N and 14.3666704° E, and its 

elevation is 697 m a.s.l. (Figure 1). The dataset consisted of 17.25 years of dailydata 

covering the period from December 1, 2003 to February 28, 2021, for all variables. 

Figure 4. 1. Location of the study area. 

  1 

WGS 1984 
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4.3. Results 

The Penman Monteith was applied for estimation of ETo in the 17-year timeframe 

of analysis. The result showed that maximum daily ETo was 14.47 mm per day on 

June 24, 2007 (Figure 4.2A), and the minimum daily ETo was 0.24 mm per day on 

January 4, 2016. 
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(D) 

Figure 4. 2. Daily ETo (A), Annual ETo and Monthly ETo (B), Seasonal ETo (C), 

and Monthly Climatology (D). 

 

4.3.1 Sen’s Slope (Magnitude of the Trend) 

Climatic variables and ETo showed both negative and positive trends in seasonal 

and monthly scale analysis. The ETo showed a negative downward trend in 

November of 0.790 mm per year. The Tmax increased in March (0.10 °C) and 

September (0.14 °C) (monthly trend analysis), and spring (0.10 °C) and summer 

(0.09 °C) (seasonal trend analysis). The Tmin also increased in August (0.09 °C) and 

September (0.07 °C). The Tmean trend also increased in September (0.10 °C) in 

monthly analysis and in spring (0.07 °C), and summer (0.06 °C) in the seasonal 

analysis. The SR showed a downward trend in November (0.09 MJ/m2), at the 

monthly scale, and in Autumn (0.076 MJ/m2), at the seasonal scale. The WS also 

showed an upward trend in January (0.054 m/s), May (0.038 m/s), June (0.021 m/s), 

July (0.043 m/s), November (0.040 m/s), and December (0.042 m/s), as well as in 
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winter (0.037 m/s) and spring (0.029 m/s). The HU trend also increased in March 

(0.711%), April (0.543%), May (1.169%), June (0.741%), July (1.012%), August 

(0.824%), September (0.816%), October (0.614%), and December (0.412%), as 

well as in spring (0.840%) and summer (0.942%). The RF also decreased in Autumn 

by 14.019 mm in the seasonal trend analysis. 

4.3.2. MK-Test Trends of Meteorological Factors and ETo 

Table 4.2 shows the results concerning trend significance, as obtained from the 

MK-Test. The Tmax exhibits positive trends for March and September and spring 

and summer, while no significant trends were obtained for other time series. The 

Tmin presents positive monthly trends in August and September, and no other 

significant trends were observed. For Tmean, there was no significant trend except 

for September and spring and summer. Conversely, SR presents a negative trend in 

November and in Autumn. As regards WS, positive trends were observed on both 

seasonal and monthly scales. On the monthly scale, January, May, June, July, 

November, and December showed positive trends; for the remaining months no 

trend is evidenced. The HU also has a positive significant trend in March, April, 

May, June, July, August, September, October, and December, as well as in spring 

and summer. Rainfall showed a negative trend only in Autumn. The trend of ETo 

is negative only in November, and non-significant in the other cases. 

Table 4. 2 MK trend test result with 95% significance level. 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  Win Spr Sum Aut Annual 

Tmax 1.1 1.19 2.27 1.44 0.91 1.77 1.61 1.69 2.43 0.78 1.69 1.86 1.77 2.14 1.98 1.49 1.31 

Tmin 0.08 0.95 0.99 0.62 −0.49 −0.21 1.19 2.18 2.14 0.01 1.36 −0.37 0.12 0.33 1.03 1.4 1.19 

Tmean 0.12 1.03 1.94 1.36 0.29 0.45 1.69 1.77 2.35 0.29 1.77 0.62 0.95 2.51 2.18 1.49 1.58 

SR −0.95 −0.54 −0.7 0.62 −1.65 −0.33 −0.78 −1.2 −1.07 −1.44 −2.02 0.95 −0.12 −0.87 −0.91 −2.6 −1.44 

WS 2.68 0.99 1.03 1.28 2.76 2.18 2.97 1.73 0.77 0.95 2.39 2.23 2.76 2.02 0.95 0.86 0.95 

HU 0.41 0.5 2.27 2.27 2.12 2.84 3.17 2.39 2.12 2.02 1.22 2.02 0.86 2.21 2.03 1.31 1.31 

ETo −1.85 −0.95 −1.11 0.45 −1.28 −0.62 0.54 0.21 0.45 0.04 −2.51 −0.95 −0.54 −0.78 −0.21 −0.54 −0.78 

RF −0.04 0.45 −0.62 −1.19 0.29 −0.49 0.46 0.64 −0.21 0.33 0.95 0.5 −1.28 −0.29 −0.04 −2.6 −1.61 

Win = winter; Spr = spring; Sum = summer; Aut = 

Autumn. Red color text = showed decreasing/upward 

trend. 
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4.3.3. Sensitivity of ETo to Climatic Factors 

As the study stated above, for ETo estimation, Tmax, Tmean, Tmin, SR, WS, and SHU 

were used as input climatological variables. ETo showed different levels of 

sensitivity to these climatological variables. In particular, the result showed that 

SHU, Tmean, and Tmax have a very high sensitivity level, with sensitivity coefficients 

of 2.68, 1.46, and 1.35 respectively. The RS and Tmin also showed a high sensitivity 

level, with the sensitivity coefficient of 0.53 and 0.28 respectively. In contrast, the 

sensitivity level of wind speed was negligible, with a value of 0.02 for the sensitivity 

coefficient (Table 4.3). 

 

Table 4. 3 Sensitivity coefficient of climatic factor for ETo. 

Climatological Element  Sensitivity Coefficient |x|  Sensitivity Level 

Net solar radiation |0.53| High 

Maximum temperature |1.35| Very high  

Minimum temperature |−0.28| High  

Mean temperature |1.46| Very high  

Specific humidity |−2.68| Very high  

Wind speed  |0.02| Negligible  

4.3.4. Contribution Rate of Climatic Factors for the Variation of ETo 

The above-mentioned climatic factors have different contribution rates for the ETo 

trends at different temporal scales. Figure 4.3 shows that the contribution rate of 

SHU, SR and Tmin are negative, with values of 91.73, 2.48, and 1.06, respectively. 

On the other hand, Tmax, Tmean, and WS contribute positively with an 11.2, 9.74, and 

0.9 contribution rate. This result shows that SHU has the highest contribution to the 

decrease of ETo and maximum temperature has the highest contribution to the 

increase of ETo in the study area. 
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Figure 4. 3. Contribution of climatological factors to ETo. 

4.4. Discussion 

4.4.1. Trend of Climatic Factors and ETo 

Globally, studies conducted by many authors showed that there is an upward trend 

of mean, maximum, and minimum temperature (Jain & Kumar, 2012; Mohammad 

& Goswami, 2019; Mondal et al., 2015; Saboohi et al., 2012; Subash & Sikka, 2014; 

Xu et al., 2008) . Our study also revealed that there were monthly and seasonal 

temperature upward trends at the experimental site in Sicily (Figure 4.4B). This is 

in line with similar research results showing an upward trend in temperature in 

Sicily (Liuzzo et al., 2017; Mohammad & Goswami, 2019). The studies cited also 

showed a decreasing rainfall trend in autumn in Sicily. In particular, from 1921 to 

2012 there was a downward trend of rainfall throughout the island in autumn 

(Liuzzo et al., 2016) and a downward trend at the annual scale (Liuzzo et al., 2015). 

Moreover, a seasonal decrease in rainfall has been shown and documented in Sicily 

and Calabria ( Caloiero et al., 2020). Our study revealed that there was an increase 

in monthly and seasonal minimum temperature. Globally, in about the 37% of the 

landmasses from 1951–1990 the minimum temperature and maximum temperature 

increased by 0.84 °C and 0.28 °C respectively (Jones, 1995). Similar results are also 

documented in several studies for different parts of Italy. From 1865 to 1996 

southern Italy showed an upward trend of the minimum and maximum temperature, 

especially in southern Italy (Brunetti et al., 2000). Moreover, from 1952 to 1990, 

Bologna showed an increase of 0.7 °C in 48 years in annual mean temperature and 

an increase in higher minimum and maximum temperature (Ventura et al., 2002). 

In Calabria (southern Italy), trend analysis results showed an increase in maximum 

and the minimum temperature specifically in the summer and spring seasons (from 
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1951 to 2010) (Caloiero et al., 2017). This result is in line with our study since the 

maximum temperature showed a positive trend in summer and spring (Table 4.2). 

The maximum temperature also had a positive trend in Sardinia from 1982 to 2011 

( Caloiero & Guagliardi, 2021). This study confirmed that there is an upward trend 

in mean temperature in summer, spring, and in the month of September (Table 4.2). 

The mean temperature of Sicily from 1924 to 2013 also showed an upward trend in 

summer and spring (Liuzzo et al., 2017). 

This study showed that there was increasing monthly and seasonal trend of relative 

humidity. In Ravenna, Italy, for the period 1989 to 2008, relative humidity had an 

upward trend (Mollema et al., 2012). Moreover, by considering the past and 

projected future data from 1971 to 2050, relative humidity also had an upward trend 

for Sicily (Segnalini et al., 2013). Similar results showing an increase in relative 

humidity were confirmed in different part of the world (Abu-Taleb et al., 2007; 

Kousari et al., 2011; Singh et al., 2008). Unlike other main meteorological factors, 

solar radiation showed a downward trend in November and in autumn (Table 4.2). 

Southern Italy showed a decrease in solar radiation after the mid-1980s (Sanchez-

lorenzo et al., 2015). In China from the 1960s to 2010s, solar radiation showed a 

downward trend (Che et al., 2005; Zhou et al., 2018); and globally also showed a 

downward trend in solar radiation after the 1980s as well as the trend known as 

“global dimming” (Ohmura, 2009).  

Like the most climatological elements, wind speed also showed an upward trend 

both in monthly and seasonal analysis (Table 4.2). Comprehensive studies that 

analyzed several meteorological sites showed both upward and downward trends in 

wind speed. Meanwhile, these studies also showed that there were increases in wind 

speed in monthly as well as seasonal timescales (Eymen & Köylü, 2019; Jiang et 

al., 2010; Klink, 2002; Laib et al., 2018). However, the study which analyzed 24 

meteorological sites seasonal, monthly, and annually in Iran from 1975 to 2005 

showed a downward trend in wind speed in most of its stations (Kousari et al., 

2011). 

Table 4.2 showed that there was a downward trend in monthly reference 

evapotranspiration in November. This result is known as the “evaporation 

paradox”. There are many studies discussing a monthly, seasonal, and annual 

downward trend in ETo. For instance, studies conducted in China (Wu et al., 2021;  

Yang et al., 2011), India(Darshana et al., 2013; Sonali & Kumar, 2016), and Senegal 

(Ndiaye et al., 2020) revealed a downward trend in ETo seasonally, monthly, and 

annually. In Iran, a downward trend in seasonal and monthly trend was also found 

(Shadmani et al., 2012), and specifically in November (Tabari et al., 2011). In 

general, this study did not show seasonal or annual trends other than for November. 
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(E) 

Figure 4. 4. Daily timeseries of climate variables from December 1, 2003–

December 28, 2021: (A–E) are Solar radiation, Air temperature (maximum, 

minimum, and mean temperature), Relative humidity, Specific humidity, and Wind 

speed, respectively. 

4.4.2. Sensitivity of ETo and Contribution Rate of Climatological Elements 

The sensitivity analysis of ETo for climatic factors showed different magnitudes of 

sensitivity. The main and very high-level sensitivity in ETo trends was observed 

for specific humidity, mean temperature, and maximum temperature. Specific 

humidity was the most sensitive climatic factor for ETo trends in the study area. On 

the other hand, wind speed had a negligible sensitivity climatic factor for ETo trend. 

Likewise, relative humidity was the highest sensitivity climatic factor in the Loess 

Plateau of Northern Shaanxi, China (Li et al., 2017); in the Tao’er River Basin, 

China (Liang et al., 2008); and in the Yellow River Basin, China (Yang et al., 2011). 

Mean temperature was also one of the most sensitive factors for ETo in Iran (Sharifi 

& Dinpashoh, 2014); in the Tarim River basin, in Central Asia (Wu et al., 2021) 

and in the Yellow River Basin, China (Yang et al., 2011). 

Similarly maximum temperature was also the another prime sensitivity climatic 

factor for ETo in Senegal (Ndiaye et al., 2020); the Himalayan region of Sikkim, 

India (Patle et al., 2020); the Tarim River basin, Central Asia (Wu et al., 2021), and 

in the Tons River Basin in Central India (Darshana et al., 2013). Wind speed also 

showed the lowest sensitivity in Santa Barbara (Irmak et al., 2006); the Himalayan 

region of Sikkim, India (Patle et al., 2020) and in the Tarim River basin, Central 

Asia (Wu et al., 2021).  

This study showed that specific humidity, solar radiation, and minimum 

temperature contributed negatively to the trend of ETo; whereas maximum 
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temperature, mean temperature, and wind speed contributed positively to ETo in 

the study area (Figure 4.3). The contribution values showed that the absolute value 

of the climatic factors showed the contribution magnitude. Hence specific humidity 

is the climatological factor that contributed the most to monthly decrease in ETo in 

November. On the other hand, wind speed made the least contribution to ETo in the 

study area. Maximum temperature was prominent in ETo in the Loess Plateau of 

Northern Shaanxi, in China and the Tarim River basin, in Central Asia; and wind 

speed was the factor that contributed less to ETo in the Loess Plateau of Northern 

Shaanxi, China (Li et al., 2017).  

4.5. Conclusions 

In this study, referring to the FAO Penman-Monteith method for estimating 

reference evapotranspiration, we investigated the trends and sensitivity of ETo to 

meteorological variables. This analysis is important as there is a lack of similar 

studies. Also, in a climate change context it is key to understand the main 

climatological factors controlling such an important process for water resources 

management as evapotranspiration (Peres et al.,  2019). The analysis considered the 

data collected at a Mediterranean climate site in Sicily, Italy (Piazza Armerina). The 

results show that there was no annual trend for all the analyzed variables. Trends 

are present only at the sub-annual scale (monthly or seasonally). Significant trends 

at the monthly and seasonal time scales were exhibited for all variables other than 

minimum temperature and ETo. ETo showed a significant trend only monthly, for 

November (ETo), and minimum temperature only monthly, for August and 

September. 

The sensitivity analysis also showed that specific humidity, mean temperature, and 

maximum temperature are those factors that have a greater influence on ETo. 

Sensitivity to wind speed is negligible. In terms of the contribution of the climatic 

factors for ETo trends, specific humidity, solar radiation, and minimum temperature 

contribute negatively to ETo. On the other hand, maximum temperature, mean 

temperature, and wind speed contribute positively. These results contribute to 

understanding the potential and possible future footprints of climate change on 

evapotranspiration in the study area. On the one hand, the fact that no significant 

trends are exhibited by ETo seems to imply that the impacts of climate change have 

not left a relevant footprint on this hydrological variable. On the other hand, given 

the high sensitivity of ETo to temperature, it must be expected that ETo will be 

highly impacted by climate change in the future; as temperature is expected to 

increase by 2–3 °C in Sicily, depending on emission scenario (Peres et al., 2020; 

Pere et al., 2022). Moreover, the study in Pertouli and Taxiarchis in Greece also 

exhibited an increase in the potential evapotranspiration (PET) from 1974 to 2016 

(Stefanidis & Alexandridis, 2021). Further development of this study will consider 
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more meteorological stations in Sicily, as well as other sources of data, to extend 

the length of the series and thus to improve the significance of trend assessments. 

Moreover, investigation could be extended, where data is available, to actual 

evapotranspiration. 
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Chapter 5 

An assessment of trends of Potential Evapotranspiration at 

multiple timescales and locations in Sicily from 2002 to 2022 

Abstract 

Climate change and the related temperature rise can cause an increase of 

evapotranspiration. Thus, the assessment of Potential evapotranspiration (PET) 

trends is important to identify possible ongoing signals of climate change, in order 

to develop adaptation measures for water resource management and improving 

irrigation efficiency. In this study, we capitalize on the data available from a 

network of 46 complete meteorological stations in Sicily that cover a period of 

about 21 years (2002-2022) to estimate PET by the Food and Agriculture 

Organization (FAO) Penman-Monteith method at the daily time scale in Sicily 

Island (southern Italy). We then analyse the trends of PET and assess their 

significance by the Sen’s Slope and the Mann Kendall test, at multiple temporal 

scales (monthly, seasonal, and annual). Most of the locations do not show 

significant trends. For instance, at the annual timescale only 5 locations have a 

significantly increasing trend. However, there are many locations where the 

monthly trend is statistically significant. The number of locations where monthly 

trend is significant is maximum for August, where 18 out of these 46 stations have 

an increasing trend. In contrast in March there are no locations with significant 

trends. The location with the highest increasing trend of PET indicates a trend slope 

of 1.73, 3.42, and 10.68 mm/year at monthly (August), seasonal (Summer), and 

annual timescales, respectively. In contrast, decreasing PET trends are present only 

at monthly and seasonal scales, with a maximum of respectively -1.82 (July) and -

3.28 (Summer) mm/year. Overall, the findings of this study are useful for climate 

change adaptation strategies to be pursued in in the region.  

 

Keywords: Climate change; temperature; drought; irrigation; Mediterranean area, 

Penman-Monteith  
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5.1 Introduction  

Global warming induced by greenhouse gas emissions is claimed to be key 

contributor to changes in the global climate (IPCC., 2019; Fischer et al., 2021; 

Hoegh-Guldberg  et al., 2018). The Fifth Assessment report by (AR5) discusses 

how the last three decades have been successively warmer at the Earth’s surface 

than any preceding decade since 1850 (IPCC, 2013). Global warming is claimed to 

influence the entire hydrological cycle (Huang et al., 2015; Liu et al., 2018;  Wang 

et al., 2017; Zuo et al., 2012). Assessments of Potential evapotranspiration (PET) 

show that evapotranspiration can be considerably influenced by global climatic 

changes (Bian et al., 2020; Ding & Peng, 2021; Wang et al., 2017; Zongxing et al., 

2014). The IPPC 6th technical report showed that there is an increasing of the 

evapotranspiration due to growing atmospheric water demand will decrease soil 

moisture over the Mediterranean region (Arias et al., 2021).  

Evapotranspiration is also a key variable for the estimation of the energy budget in 

the earth-atmospheric system and the water balance in a given region (Han et al., 

2015; Wang et al., 2017; Zhao et al., 2018; Zongxing et al., 2014). PET refers to 

evaporation and transpiration over a surface under certain meteorological 

conditions with considering sufficient water, unlimited soil water supply. 

Moreover, PET is important for scientific research on hydro-climatology, irrigation 

planning and water resource management (Bian et al., 2020; Huang et al., 2015; Liu 

et al., 2018).  

Understanding of the spatiotemporal trends of PET is a crucial part of in 

climatology, water resource management and irrigation planning (Guo et al., 2020). 

Both decreasing and increasing trends of PET have been detected in different parts 

of the world (Chu et al., 2019;  Li et al., 2013; Luo et al., 2021; Maruyama et al., 

2004; Shadmani et al., 2012; Zuo et al., 2012). PET is expected to increase due to 

climate change. Nevertheless, decreasing trends have been identified, leading to the 

so-called  “evapotranspiration paradox” (Bian et al., 2020; Huang et al., 2015; Jerin 

et al., 2021; Luo et al., 2021; Ndiaye et al., 2020), and it was detected in several 

regions worldwide, especially in various areas of China (Han et al., 2015; Bian et 

al., 2020; Zongxing et al., 2014; Zuo et al., 2012; Chu et al., 2019; Zhao et al., 

2018). For the Mediterranean climate, Palumbo et al., (2011), showed that 14 

studies confirmed prevailing positive trends, 4 studies negative trends, and three 

studies no trends. From 1961 to 2016, the trend of the reference evapotranspiration 

from 18 meteorological stations of Slovenia was analysed and the result showed 

that samples are mostly increasing and statistically significant while no consistent 

trend could be detected (Maček et al., 2018). In the western French Mediterranean 

area, the PET showed an increasing trend at monthly, seasonal (Spring) and annual 
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scale from 1970-2006 (Chaouche et al., 2010).  

 

Mediterranean area also showed there was an increasing trend of  PET from 1950 

to 2020, and significantly contributed for drought intensification in the region 

(Wang et al., 2022). The actual evapotranspiration also showed a trend in humid 

and subhumid Mediterranean climate of North Algeria from 1961 to 1990 (Aieb et 

al., 2022). Moreover, for the Mediterranean future projections of the PET  also  

confirmed that there will be increasing trend (Zeng et al., 2022). Additionally, in 

Greece the PET showed an increasing trend (Stefanidis & Alexandridis, 2021); in 

southern Italy showed  increasing trend in growing season (Liuzzo, Viola, et al., 

2016). According to Liuzzo et al. (2016), there were seasonal differences of the 

spatiotemporal trend of PET in different areas of Mediterranean climate. For 

instance, in southern Italy, an increasing trend was observed in correspondence of 

the growing season, while no trend was observed during the non-growing season. 

However, the mentioned study needs to updated as it considers an outdated period 

and only 3 locations in Sicily.  

In this study, we advance from previous studies by considering a dataset that covers 

a recent period (last 21 years, up to 2022), and 46 locations spread in Sicily. This 

allows an unprecedented systematic and robust assessment of PET trend in this 

region, which is prone to droughts and presents several critical due to climate 

change (Peres et al., 2019). In particular, in the present study we analyse the PET 

trends in Sicily at multiple locations (i.e., those of meteorological stations managed 

by the SIAS - Servizio Informativo Agreometeorologico Siciliano, the 

Agrometeorological Informative Service of Sicily) at the monthly, seasonal and 

annual temporal scales.  

This study was organized: introduction, the study area and the data are described, 

and the methodology is delineated (Section 2). This section explains the methods 

for computing PET and the statistical methods for assessing the magnitude and the 

significance of trends. Then, in Section 3 results are presented analysing various 

time scales. Section 4 discusses the results with a comparison to other regions in 

the globe. Finally, Section 5 presents some conclusions and an outlook.   

5.2 Material and Study Area 

Figure 5.1 shows the study area, Sicily Island. The climate of Sicily is typically 

Mediterranean, with hot but not scorching Summers, mild and brief Winters, and 

moderate rainfall from October to March. Along the coast, the average temperature 

ranges between 17 and 18.7°C annually, with July being the warmest month (Torina 

& Khoury, 2006). Sicily's weather is characterized by a hot and dry Summer season, 

and a mild and rainy Winter season (Bonaccorso et al., 2015). The meteorological 

data are provided by the Agrometeorological Information Service of Sicily (SIAS, 
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http://www.sias.regione.sicilia.it/), having 46 meteorological stations distributed all 

over the region. Specifically, for each meteorological station, minimum, maximum, 

and mean temperature (°C), solar radiation (MJ/m²), wind speed (m/s), and relative 

humidity (%) are collected from 01/01/2002 to 31/03/2022. Table 5.1 summarizes 

the main characteristics for each station, namely name, ID, elevation, and the 

coordinates of their location.  

 
Figure 5. 1 Study area with location of meteorological stations of the SIAS network. 
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Table 5. 1 Main characteristics of the SIAS network meteorological stations.  
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5.3 Methodology 

The Penman Monteith method is used in the present study to calculate PET. This 

method is the most comprehensive and international standard for PET estimation, 

and it is also approved by Food and Agriculture Organization (FAO), and the 

American Society of Civil Engineers (ACSE) (Lang et al., 2017; Ndulue & Ranjan, 

2021; Peng et al., 2017; Shi et al., 2008; Tellen, 2017; Utset et al., 2004). 

The FAO Penman-Monteith equation has been derived by integrating the original 

Penman-Monteith equation with the equations of the aerodynamic and canopy 

resistance, yielding the following equation (Eq.5.1): 

 

                      𝑃𝐸𝑇 =
0.408∆(𝑅𝑛 − 𝐺) + 𝛾

𝐶𝑛
𝑇 + 273𝑈2

(𝑒𝑠 − 𝑒𝑎)

∆ + 𝛾(1 + 𝐶𝑑  𝑈2)
                          5.1 

where: PET is potential evapotranspiration [mm day-1], Rn is the net radiation at the 

crop surface [MJ m-2 day-1], G represents the soil heat flux density [MJ m-2 day-1], 

T is the air temperature at 2 m height [°C], U2 represents the wind speed at 2 m 

height [m s-1], es is the saturation vapour pressure [kPa], ea is the actual vapour 

pressure [kPa],  and (es – ea) represents the saturation vapour pressure deficit [kPa], 

∆ is the slope vapour pressure curve [kPa °C-1], and g indicates the psychrometric 

constant [kPa °C-1]. Cn is the ratio of the slope of the saturation vapor pressure curve 

to the psychrometric constant at a given temperature. It represents the energy 

available to drive the process of evapotranspiration. Cd is the ratio of the 

aerodynamic resistance to the surface resistance. It represents the resistance that 

water vapor encounters in the atmosphere as it moves from the leaf surface into the 

air. In this study we assume 𝐶𝑛 and 𝐶𝑑 equal to 900 and 0.34, which are the values 

for a grass reference crop.  

Sen’s slope estimator 

The Sen's slope estimator is a non-parametric method used for estimating the slope 

of a linear relationship between two variables (Darshana et al., 2013; Kamal & 

Pachauri, 2019; Panda & Sahu, 2019;  Peng et al., 2017; Shan et al., 2015). It is 

particularly useful when the data exhibits high variability, non-normal distribution, 

or outliers. The Sen's slope estimator is based on calculating the median of the 

slopes between all possible pairs of data points. This approach makes it robust to 

outliers and resistant to extreme values. The method is easy to apply and can be 

used for small or large datasets. In this study, we used 0.05 significance level, i.e., 

when |Z|> 1.96 (eq. 5.6) the null hypothesis is rejected, and the trend is significant 

at 5%. If a trend is mentioned in the data series, its amount can be evaluated by the 
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slope of the trend (noted β). In general, this method used to estimate the slope of 

the trend (Eymen & Köylü, 2019; Hu et al., 2019; Hwang et al., 2020; Li et al., 

2018; Patle et al., 2020; Zongxing et al., 2014). Hence, the magnitudes of the trends 

in ETo were studied using Sen’s slope estimator. 

                 𝛽 = 𝑀𝑒𝑑𝑖𝑎𝑛 (
𝑋𝑖 − 𝑋𝑗

𝑖 − 𝑗
)  𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖 > 𝑗                                                    5.2 

where 𝑋𝑖 and 𝑋𝑗 are the data values at times i and j, respectively. β> 0 denotes an 

increasing trend.  

Mann-Kendall test 

It is common practice to use the Mann-Kendall (MK) test to identify 

statistically significant trends in various analyses of hydro-climatological time 

series (Alemu et al., 2015; Aschale et al., 2023; Dong et al., 2020; He et al., 

2013; Hui-mean & Yusof, 2018; Nam et al., 2015;  Peng et al., 2017) . It is a 

rank-based non-parametric method, which has been widely used for detecting 

trends in hydrometeorological time series. The MK test's key advantage is that it 

is not sensitive to extreme values and does not require that the data follow any 

statistical distribution (Diop et al., 2016; Ndiaye et al., 2020; Shadmani et al., 

2012). The test is based on two hypotheses: the alternative hypothesis (H1), 

which shows the existence of a trend and rejects the null hypothesis (H0), which 

assumes that the test is stationary and thus there is no trend. Mann-Kendall’s 

statistical S is given by the following formula: 

                                         S =  ∑ ∑ Sgn(Xj − Xk)

n

j=k+1

n−1

k=1

                                               5.3 

where Xk is the value of the variable at time k and 𝑋𝑗 is the value of the variable j, n 

is the length of the series and sign () is a function which is calculated as follows: 

 

                 Sgn(Xj − Xk) = {

1 𝑖𝑓 (𝑋𝑗 − 𝑋𝑘) > 0

0 𝑖𝑓 (𝑋𝑗 − 𝑋𝑘) = 0

−1 𝑖𝑓 (𝑋𝑗 − 𝑋𝑘) < 0

                                                   5.4 

 

It has been documented that, when n >=10, the statistic S is approximately normally 

distributed with the mean E(S)=0, and its variance is:  

           𝑉𝑎𝑟 (𝑠) =
𝑛(𝑛 −  1)(2𝑛 +  5) − ∑ 𝑡𝑖( 𝑡𝑖 − 1)(2𝑡𝑖 + 5)

𝑚
𝑖=1

18
                    5.5 
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where n is the number of data points, m is the number of tied groups (a tied group 

is a set of sample data having the same value), and 𝑡𝑖 is the number of data points 

in the ith group. 

 

The standardized test statistic Z is computed as follows: 

 

                        Z =

{
 
 

 
 

𝑆 − 1

√𝑉𝑎𝑟(𝑠)
, 𝑖𝑓 𝑆 > 0

0, 𝑖𝑓 𝑆 = 0
𝑆 + 1

√𝑉𝑎𝑟(𝑠)
, 𝑖𝑓 𝑆 < 0

                                                                     5.6 

The null hypothesis H0, meaning that no significant trend is present, is accepted if 

the test statistic Z is not statistically significant, i.e. -Zα/2<Z<Zα/2, where Zα/2 is 

the standard normal deviate. To overcome the limitation of the MK test related to 

the autocorrelation of the original data the Trend-free prewhitening (TFPW) 

method was applied. This method introduced and enabled removing serial 

dependence is one of the main problems in testing and interpreting time series data 

(Ahmad et al., 2015; Wu et al., 2021; Zhang et al., 2020b).  

The Trend-free prewhitening includes the following steps: 

i. all of the PET time series data was first tested for the presence of 

autocorrelation coefficient (r) at a 5% significance level, using a two-tailed 

test.  

      𝑟 =
∑ (𝑋𝑡 − �̅�𝑡)(𝑋𝑡+1 − �̅�𝑡+1)
𝑛−1
𝑡=1

√∑ (𝑋𝑡 − �̅�𝑡)2
𝑛−1
𝑡−1 √∑ (𝑋𝑡+1 − �̅�𝑡+1)2

𝑛−1
𝑡−1

                                                  5.7 

ii. the autocorrelation coefficient value of  r was tested against the null 

hypothesis at a 95% confidence interval, using a two-tailed test 

                       𝑟 (95%) =  
−1 + 1.96√(𝑛 − 2)

𝑛 − 1
                                                         5.8 

iii. removing any trend items from the time series variables to form a sequence 

without trend items 

 

𝑌𝑡 = 𝑋𝑡 − 𝛽𝑡                                                                                                     5.9 
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iv. adding the trend term βt to obtain a new sequence without an autocorrelation 

effect 

                                          𝑌𝑡 = 𝑌𝑡́ − 𝑟𝑌𝑡−1 + 𝛽𝑡                                                           5.10 

where 𝑋𝑡 is the value at time t, n is the length of the data, and �̅�𝑡 is the mean value. 

The original MK test is applied to 𝑌𝑡 to assess the significance of the trend. 

5.4 Results 

Annual PET trends have been observed only in 5 locations out of 46. Figure 5.2 

shows the PET timeseries for these five locations.  

Table 5.2, shows that 83% of the meteorological stations recorded a trend in at least 

one month or season. Changes of PET trend in the last 21 years, i.e., of the 46 

analysed meteorological stations, 38 of them resulted in PET trend, at different 

temporal scales, while only 8 of them have not resulted in trend. Specifically, the 

latter are mostly located close to northern and southern coastlines of the island.  

 
Figure 5. 2: Time series for five meteorological stations confirmed an annual trend. 

Table 5.2, instead, summarizes Z values of the PET trend for each meteorological 

station and at different temporal scale. 
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Table 5. 2: Z value of the PET trend for each meteorological station at different 

temporal scale. Yellow shaded represents the Z value decreasing PET trend, while 

the reddish shaded are the Z value increasing PET trend. 

 

Temporal trend of the PET 

Looking at the different analysed temporal scales, no increasing trend was observed 

in March and October. Specifically, in October exclusively decreasing trends were 

detected in correspondence of two meteorological stations, while in March, any 

trend was detected, neither positive nor negative, for all meteorological stations.  If 

increasing trend of PET is considered, at August, and September monthly temporal 

scale, as well as at Summer seasonal temporal scale was recorded the highest 

number of involved meteorological stations, namely 15 on average for each of these 
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temporal scales. On the contrary, the decreasing trend of PET mostly revealed at 

November, June, October, December, monthly temporal scale and Autumn annual 

temporal scale for each of which the number of the concerned meteorological 

stations ranges between 2 and 3. Figure 5.3 shows a quantitative overview related 

to the number of the meteorological stations interested or not in any trend. As can 

be seen, for each analysed temporal scale, if mean values are considered with 

respect to the whole of 46 meteorological stations:  i) about 39 stations have not 

highlighted trend, with a peak at March monthly scale with  all 46 meteorological 

stations involved; ii) about 6 stations recorded an increasing trend of PET, with a 

peak at August monthly scale having 18 stations involved; iii) only 1 

meteorological station recorded a decreasing trend, with a peak equal to 3 at 

November monthly scale. 

 

 
Figure 5. 3 Summary of the trend of PET in different temporal scale 

Sen’s slope  (the PET trend magintiude) 

The magnitude of PET trend in all 46 meteorological stations was also 

investigated.The results show that  there was different magnitude of the PET trend 

in different meteorolgical stations. On one side, the highest increasing of PET trend  

is recorded at the annual temporal scale for three stations located just up the 

northern and eastern sicilian coastline, namely the stations 228, 258 and 261 with 

10.68mm, 5.15mm and 4.96 mm per year, respectively. On the other side, the 

highest decreasing of PET trend is recorded for the meteorological station 231, 

situated on the western side of Mt. Etna, at both Summer seasonal monthly temporal 

scale (3.28mm) and at July monthly temporal scale (1.82 mm). Additionally, the 

Spring seasonal trend of  station 230, another meteorological stations located at foot 

of Mt. Etna, showed the third  highest decreasing trend with 1.67 mm in the last 21 

years (Table 5.3).  
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Table 5. 3: The Sen’s Slope result in mm. 

 
 

 

Spatial distribution of the PET trend 

In order to further provide a detailed framework, a spatial distribution analysis on 

PET trends was also carried out. Therefore, monthly, seasonal, and annual trends 

of PET in Sicily, over the last 21 years, were represented using GIS application, 

and then reported in Figure 5.4.  
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Figure 5. 4 Map of the spatial distribution of the PET trend over the Sicily in 

January (A), February (B), March (C), April (D), May (E), June (F), July (G), 

August (H), September (I), October (J), November (K), December (L), Winter (M), 

Spring (N), Summer (O), Autumn (P) and Annual (Q) 

 

Monthly Spatial Trend 

Overall, the spatial distribution of PET trends, either positive or negative, does not 

highlight a specific tendency. Looking at the distributions from January to June 

monthly temporal scale, indeed, increasing trends of PET are prevalent, and involve 

maximum nine meteorological stations distributed fairly evenly within the island 

(January), and minimum one meteorological station (May). Furthermore, it should 
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be noted that at March monthly scale there is no trend, as previously noted. Going 

more into the details, i) at January monthly scale nine stations are interested by an 

increasing of PET trend (Figure 5.4A) ranging between 0.72 mm and 0.28 mm, and 

only one station in the southern island shows a decreasing trend equal to 0.41 mm; 

ii) at February monthly scale (Figure 5.4B) only increasing trends of PET are 

observed in correspondence of seven meteorological stations distributed in the 

northern and eastern side of Sicily; iii) at April monthly scale (Figure 5.4D) just 

three meteorological station are characterized by  PET trend, namely an increasing 

trend ranging from 0.7 mm to 0.98 mm; iv) on May monthly scale (Figure 5.4E) 

only one station presents an increasing trend (0.88 mm), and only another one 

presents aa decreasing trend (1.37 mm), both station placed in the eastern side of 

Sicily; v) at June monthly scale (Figure 5.4F) four meteorological stations present 

PET trend, specifically two of them in the east-northern a decreasing trend (1.24 

mm and 0.62 mm), while the other two in the centre of the island present an 

increasing trend (0.53 mm and 0.86 mm).  

If the spatial trends’ distribution is analysed at July, August, and September 

monthly scale, a general rise of the meteorological stations having PET trends may 

be observed. More specifically, with the exception of station 231 characterized by 

the second highest decreasing trend at the July monthly scale (Figure 5.4G), all of 

the remaining present increasing PET trends ranging from 0.6 mm and 1.73 mm, 

and are distributed within the surroundings of the coastlines, for the most. Particular 

attention should be paid to the August monthly scale, at which increasing PET 

trends are detected in in 18 meteorological stations (39%) distributed all over the 

region. 

Finally, moving from October to December monthly scale, a general decrease in 

the meteorological stations presenting PET trends can be observed. Specifically, i) 

at October monthly scale (Figure 5.4J) only two meteorological stations located in 

the eastern and southern side of Sicily, respectively, detected trends which are both 

decreasing (0.62 mm and 0.49 mm); ii) at November monthly scale (Figure 5.4K), 

of the four meteorological stations involved in trends, three of them, distributed 

from the north-western to the southern island, present decreasing trend (0.5 mm, 

0.37 mm, 0.3 mm), while only one station on the eastern side is characterized by an 

increasing PET trend (0.93 mm); iii) at December monthly scale (Figure 5.4L), 

seven meteorological stations, scattered through the island, detected increasing 

trends of PET ranging from 0.24 mm to 0.57 mm, while two other stations on the 

north-western and southern island detected decreasing trends of PET with 0.47 and 

0.39 mm. 

The stacked bar chart reported in Figure 5.5 summarizes, for each meteorological 

station and for each monthly scale, the magnitude of the detected PET trends. As 

can be seen, station 233 which is located on the south-eastern side of Sicily, 
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recorded the highest number of PET trends (i.e., all increasing trends ranging from 

2.11 mm and 2.95 mm) at the monthly scale, namely from June to September, and 

December. 

 
 Figure 5. 5 The monthly trend Sen’s slope magnitude of PET in mm in all analysed 

meteorological stations  

Seasonal and Annual Spatial Trend 

As previously mentioned, the spatial distribution analysis of PET trends was also 

carried out at the seasonal scale (Figure 5.4M-P), and at the annual scale (Figure 

5.4Q). Results highlighted that at Summer seasonal scale, among 14 meteorological 

stations involved in increasing PET trends ranging from 1.53 mm to 3.42 mm, only 

station 231 detected a decreasing trend with the highest recorded value equal to 3.28 

mm. On the contrary, at Spring seasonal scale only two meteorological stations in 

the northern of the region highlighted PET trends, namely an increasing (1.41 mm) 

one, and a decreasing one (1.67 mm). Regarding instead, the Winter and Autumn 

seasonal scales, nine and seven meteorological stations, respectively, detected PET 

trends with no a specific spatial distribution within the island. 

Lastly, in the annual scale is analysed, only five meteorological stations, located 

from the north-eastern side of Sicily to the east-coast, are characterized by 

increasing trends of PET, ranging from 3.36 mm (station 227) to 10.68 mm (station 

228), that represents the highest trend in the region in the last 21 years. The stacked 

bar chart reported in Figure 5.6 summarizes, for each meteorological station and for 

each seasonal and annual scale, the magnitude of the detected PET trends. 
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Figure 5. 6:  The seasonal and annual trend Sen’s slope magnitude of PET in mm 

in different meteorological stations  

5.5 Discussion 

The temporal trend of PET  

As revealed by literature, the analysis of PET trends was carried out for other 

several regions belonging and distributed throughout Italy. Therefore, the results of 

our study were compared with those obtained for other regions inside out Italy. In 

norther Italy, for instance, it was observed an increasing of PET in the upper part 

of the Adda river catchment in the Central Italian Alps (Crespi et al., 2021; Ranzi 

et al., 2021); heading centre Italy, an increasing trend of reference 

evapotranspiration from 1951 to 2008 (Vergni & Todisco, 2011) was also detected, 

with specific reference to Spoleto meteorological  station, that showed an increasing 

annual trend of PET through the Hargreaves and Samini estimation model (Todisco 

& Vergni, 2008), and the historical meteorological station of University of Bologna 

that highlighted an increase at all seasonal mean PET (for the 1972–2007 period), 

with an increase of 13 mm in Winter, 39 mm in Spring, 60 mm in Summer and 14 

mm in Autumn (Vergni & Todisco, 2011). Coming to the South Italy, increasing of 

PET with related to increasing of temperature (Liuzzo et al., 2016) were observed. 

In more detail, the Apulia region is characterized by an annual PET trend equal to 

18.6 mm was  (Elferchichi et al., 2017), and particularly for the  Apulian Tavoliere 

an increasing  trend of evapotranspiration in 8mm per decade in 1957-2008 is 

recorded. 

Beyond Italy, different parts of the world showed increasing trend of the annual 

PET trend. The IPPC 6th technical report, indeed, showed that there is an increase 

in evapotranspiration due to growing atmospheric water demand will decrease soil 

moisture over the Mediterranean region (Arias et al., 2021). In mor detail, the 

Mediterranean and the Iberian regions showed increasing trends of 
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evapotranspiration from 1971-2015 (Páscoa et al., 2021). This is also confirmed by 

to the recourse of different satellite sources trough which it was possible to detect 

increasing evapotranspiration trends in several Mediterranean regions, including 

the Sicily from 2009-2018 (Li et al., 2021). Moving forward, in Spain from 1922-

2020, the evapotranspiration trend showed increasing trend and resulted for 

worsening the growth of crop water requirements (Li et al., 2021), as well as in the 

semi-arid part of Spain which presented an annual increasing trend from (1970–

2000) and confirmed the future projection also will be increased (Ruiz-Aĺvarez et 

al., 2021). Surprisingly, a monthly study revealed that June, the month with the 

biggest relative changes, is primarily responsible for guiding Summer trends and 

Spring trends, respectively (Tomas-Burguera et al., 2021). This study's findings are 

likewise in line with ours, according to which the majority of meteorological 

stations saw an upward trend over the Spring and Summer seasons (Figure 5.3). 

Moving out onto a broader view, increase in annual (0.009–0.026 mm/year) and 

seasonal (0.014–0.027 mm/year during southwest monsoon and 0.015–0.074 

during northeast monsoon) ETo in peninsular Malaysia (Hadi et al., 2020) was 

observed, as well as in the most part of  the Wei River basin (WRB) (Zuo et al., 

2012), north-eastern China, in the southern coastal region, and the north-western 

corner of China (Yang et al., 2021),  in 90% of  Moldova from 1981–2012 (Piticar 

et al., 2016), in South Korea (Hwang et al., 2020), and  in the centre and south part 

of Mongolia (Yu et al., 2016).  

Concluding, if the evapotranspiration paradox is taken into account (Hadi et al., 

2020;  Liuzzo et al., 2016; Shan et al., 2015; Vicente-Serrano et al., 2014; Zhao et 

al., 2018), our study on Sicily island shows that it was observed at monthly Winter, 

Spring, Summer, and Autumn seasonal trend on our study (Table 5.2).  Similarly, 

in the Calabria region, an analysis carried out using the Hargreaves and Samani 

estimation model for PET showed a decreasing trend in different Winter, Spring, 

Summer, and Autumn seasons and dry and wet seasons (Capra et al., 2013). In 

south-eastern Umbria, Central Italy in two areas asymmetric warming results in a 

decreasing evapotranspiration level (Todisco & Vergni, 2008).  Moreover, our 

study confirmed that there was a decreasing trend of PET in January, May, June, 

July, October, November, and December monthly seasons. Likewise, the Calabria 

meteorological station analysis showed decreasing trend in all months (Capra et al., 

2013).  
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5.6 Conclusions 

Understanding trends of evapotranspiration is crucial for water resources 

management, irrigation, and the implementation of climate change adaptation 

measures. This study aimed at analysing trends of PET in Sicily (southern Italy) 

over the last 21 years using the hydro-meteorological data provided by 46 

meteorological stations distributed all over the region. PET has been estimated by 

the FAO Penman-Monteith method, and the Mann Kendall test as well as the Sen’s 

Slope estimator were used to identify the trends over time. The results showed that 

there were significant monthly, seasonal, and annual trends in different stations. 

August is the month where the majority of temporal trends were detected (18 out of 

46 stations). On the other hand, for March not trend has been detected. Regarding 

the seasonal temporal scale, Summer season showed the highest number of stations 

with significant trends (14 stations) and Winter season was the one with lowest 

number of significant trends (only 2 stations). For 5 locations an increasing trend 

has been identified at the annual time scale. August corresponds to the highest 

increasing PET trend with 1.73 mm per year at one meteorological station. 

Regarding the seasonal temporal trend, meteorological station 238 had the highest 

increasing trend, with 3.42 mm/year in the Summer season. Finally, the highest 

estimated increasing trend of annual PET is of 10.68 mm/year. Overall, the analysis 

showed that there is increasing trend in some parts of Sicily Island. This is key 

information for future agricultural irrigation practices and a call for the 

implementation of climate change adaptation measures. As a further development 

of this study, geostatistical techniques will be applied to spatialize the information 

derived for single locations.  
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Chapter 6 

Modelling stormwater runoff changes induced by ground-mounted 

photovoltaic solar parks: a conceptualization in EPA-SWMM 

Abstract 

A modelling framework for the simulation of stormwater runoff in ground-

mounted photovoltaic solar parks is proposed. Elements in the solar park and their 

mutual interactions during precipitation events are conceptualized in EPA-

SWMM. We demonstrate the potential of the framework by exploring how 

different factors influence runoff formation. Specifically, we carry out simulations 

for different sizes of the installation, soil types and input hyetographs. We also show 

the effect of ground cover, by changing the surface roughness. Outflow discharge 

from the park is compared to that from a reference catchment to evaluate variations 

of peak flow and runoff volume. Results highlight no practical changes in runoff 

in the short term after installation. However, in the long term, modifications 

in soil cover may lead to some potential increase of runoff. For instance, 

increments of the peak flow from the solar park up to 21% and 35% are obtained 

for roughness coefficient reductions of 10% and 20%, respectively.  The proposed 

modelling approach can be beneficial for studying hydrological impacts of solar 

parks and thus for planning measures for their mitigation. 

 

Keywords: Environmental impacts; Renewable energy; Sustainable water resources 

management; peak flow; EPA-SWMM. 
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6.1 Introduction 

The continuous growth of global population causes increasing concerns on food, 

water, and energy sectors (Sarkodie and Owusu, 2020; Makaronidou, 2020). The 

energy generation processes are facing major challenges such as sustainability, cost, 

security, and market price fluctuations (Almomani, 2020; Ebhota and Jen, 2020). 

In addition, the increase in environmental awareness and the application of more 

stringent discharge regulations has directed the scientific community to work on 

developing alternative, sustainable, and renewable energy sources (Ahmad et al., 

2020; Tawalbeh et al., 2021; Yavari et al., 2022; Bertsiou and Baltas, 2022; Loucks, 

2023). 

Among all the renewable energy sources, solar photovoltaic (PV) is one of the most 

widespread in the world (Ravi et al., 2014; Armstrong et al., 2016; Barron-Gafford 

et al., 2016; Hassanpour et al., 2018). Although solar energy is universally 

recognised as environmentally friendly energy source, impacts on surface 

hydrology of large parks have not been comprehensively addressed in literature 

(Turney and Fthenakis, 2011; Pisinaras et al., 2014; Yavari et al., 2022). With 

growing concern over the impact of land use changes on stormwater runoff, the 

construction of large-scale solar power plants may face obstacles in the future 

unless appropriate quantification of this impact is addressed and proper measures 

are taken to mitigate potential increment of flow peak and volume discharge 

(Turney and Fthenakis, 2011). 
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Assessment of runoff generation in PV solar parks can be carried out by modelling-

based approaches, that have the advantage, with respect to purely experimental 

studies, to allow the investigation of the influence of different hydrological 

conditions (Yavari et al., 2022). For instance, among the studies based on such 

approach, Bernard at al. (2017) set up a 1D/2D model by coupling Flo-2D and HEC-

HMS to simulate stormwater runoff at three selected solar PV installations in west 

Texas. However, no comparison with the pre-installation scenario has been carried 

out thus preventing the possibility to evaluate the impacts on stormwater runoff 

induced by the presence of solar panels. HEC-HMS was also used to study 

hydrologic dynamics in a Nevada solar farm (Edalat, 2017). The simulations 

showed that runoff volume always increases after solar panels installation.  

However, one major limitation of this study was that solar panels were represented 

as an impervious surface on the ground, and simulation of the infiltration process 

could not be permitted under the panels, as it would indeed occur at an actual site. 

Thus, this approach likely overestimates runoff volume. The Soil & Water 

Assessment Tool (SWAT) was used for assessing the impact of PV solar parks on 

watershed hydrology by Pisinaras et al. (2014). Solar parks installation was 

represented by implementing in the model soil physical properties/ground cover 

changes, curve number increases associated with imperviousness, and reduced solar 

radiation. In this case, model limitations consist in the fact that the dynamics of the 

runoff formation in the solar park are not explicitly taken into account. Other 

researchers developed a custom-built model for representing runoff in solar parks 

(Cook and McCuen, 2013). The results indicated that the addition of solar panels 

over a grassy field does not change the volume of runoff, the peak discharge, nor 

time to peak. More recently, Wang and Gao (2023) conducted experiments at the 

plot-scale to investigate impacts of PV panels on rainfall-runoff and soil erosion 

processes. Results showed that runoff volume, peak flow discharge rate and 

overland flow velocity are not remarkably impacted by the presence of PV panels. 

However, further investigations are needed to transfer the obtained results at the 

plot scale to a real scale solar park. 
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Analysis of the literature on the topic highlights a research gap consisting in the 

lack of a comprehensive tool for the assessment of the impacts of real-scale solar 

parks on stormwater runoff, by taking into account the hydrological processes 

occurring within the park and all the variables affecting the park response to 

precipitation events. On this study, with the aim of overcoming many of the 

mentioned limitations within previous studies, we propose a novel 

conceptualization of PV power parks response to precipitation events capitalizing 

on the use of the free and open-source Storm Water Management Model (SWMM) 

(Rossman, 2015).  The conceptualization allows to take into account the complex 

hydrological process occurring in the solar parks during precipitation events and to 

assess how the process of runoff in the park is affected by the extension of the PV 

installation, soil properties and the characteristics of the rainfall events. Moreover, 

effects of long term changes in roughness surface induced by the presence of the 

panels can be taken into account in the analysis. We demonstrate the potentialities 

of the proposed approach considering a layout of the PV installation (panels size 

and inclination) as well as characteristics of the precipitation events that are 

encountered in Sicily (south Italy).  

6.2  Conceptual model 

6.2.1. Water paths in ground-mounted PV solar parks 

Panels in ground-mounted PV solar parks are usually placed on a metal frame that 

is mounted on the ground to hold the panels at a fixed angle. The frame usually can 

hold more than one panel rows (usually from 2 to 4) in the vertical direction (Figure 

6.1a).  Panels on the metal frame are then arranged in rows of different length 

(Figure 6.1b). Panels rows are separated by corridors to allow for maintenance 

operations as well as the movement of vehicles. 
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Figure 6. 1. (a) metal frame to hold panels and (b) panels arranged in rows in typical 

ground-mounted solar PV parks. 

 

The presence of the panels rows in the solar park induces a redistribution of the 

rainfall approaching the ground as compared to the pre-installation scenario. Based 

on the input/output during precipitation events, three different parts of the PV 

installation can be distinguished: the panel area, the under-panel area and the 

corridor (Figure 6.2a). The water fallen on the impervious panels surface is rapidly 

drained towards the corridor immediately downstream the panels row. In this way, 

each corridor receives both direct rainfall and the runoff from the impervious 

surface of the panel. The under-panel area, instead, is not directly reached by the 

rainfall but it can receive the runoff from the upstream corridor and let the water 

infiltrate. Runoff from the under-panel area is collected by the corridor immediately 

downstream the panels row.   

 

 

 

 

 

 

(a) (b) 
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Figure 6. 2. (a) water paths in typical ground-mounted solar PV parks, (b) 

subcatchment conceptualization and (c) scheme of the nonlinear reservoir model in 

EPA-SWMM. 

 

Water infiltration occurs both in the under-panel area and in the corridor. However, 

the corridor is likely to reach saturated conditions earlier as compared to the under-

panel area because of the concentration of three different contributions (rainfall, 

runoff from panel area, runoff from the upstream under-panel area).   

It is worth noting that in the adopted scheme for water paths showed in Figure 6.2a, 

the same flow direction is assumed for the ground and for the panels rows. Actually, 

direction of the PV panels is generally set with the aim to maximize the exposure 

of the panels to solar radiation, regardless of the ground slope direction. In case of 

different flow directions for the ground and for the panels rows, water paths within 
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the PV installation are not the same of those described in this section and have to 

be investigated case by case. As an example, if panels rows and are placed along 

the main ground flow direction, runoff from the corridors would not be routed to 

the under-panel areas, thus, practically, reducing the available areas for infiltration 

within the park. 

6. 2.2. Modelling ground mounted PV solar parks with EPA-SWMM 

 

The Storm Water Management Model (SWMM) is a free and open-source software 

developed by the United States Environmental Protection Agency (US-EPA). The 

release n. 5.1 of the software was used in this study (Rossman, 2015).  

SWMM is a dynamic rainfall-runoff model used for single event or continuous 

simulation. The software is widely used in literature and was recently applied for 

estimation of runoff from urban areas also in presence of low impact development 

(Ferrans and Temprano, 2022; Hashemi and Mahjouri, 2022; Nazari et al., 2023; 

Zhuang and Lu, 2023) and for optimization problems in water distribution systems 

(Gullotta et al., 2021a; 2021b). The runoff component of SWMM operates on a 

collection of subcatchment areas that receive precipitation and generate runoff, after 

computation of water losses. The software conceptualizes subcatchments as 

rectangular surfaces with uniform slope S and width W [m] (Figure 6.2b). Overland 

flow is generated by modelling the subcatchment as a nonlinear reservoir (Chen and 

Shubinski, 1971), as sketched in Figure 6.2c. 

In particular, the subcatchment experiences inflow from precipitation and losses 

from evaporation and infiltration. The net difference ponds on the subcatchment 

surface with a depth d [m] (Figure 6.2c). A part of the ponded depth, ds [m], can 

fill the depression storage, while the remaining part (d-ds) become runoff outflow 

q. From conservation of mass, the net change in depth d per unit of time t can be 

expressed as (Rossman, 2016): 

∂d

∂t
=i-e-f-q         (1) 

where i, e, f and q are the flow rates per unit of area [m3/s/m2] for precipitation, 
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evaporation, infiltration and runoff, respectively. 

Flow rate is calculated by using the Manning equation for an open rectangular 

channel of width W, slope S and a given roughness coefficient n [s/m1/3]. 

Infiltration losses can be computed within the software by using different 

infiltration models. For the conceptualization proposed in this study, Green Ampt 

method is used to model infiltration in pervious subcatchments (Green and Ampt, 

1911). Water losses for evaporation are not taken into account in this work since 

only simulations of single events have been carried out so that evaporation process 

can be neglected. 

In order to reproduce water paths described at section 6.2.1, panel areas, under-

panel areas and corridors are modelled in EPA-SWMM as rectangular 

subcatchments (placed in series) with different input/output settings. In particular, 

precipitation input is set up for subcatchments representing panel areas and 

corridors but not for those representing under-panel areas. Moreover, runoff from 

each subcatchment is discharged to downstream subcatchments according to the 

flow paths showed in Figure 6.2 (i.e., panel area to corridor, corridor to under-panel 

area and under-panel area to corridor). Runoff from the most downstream 

subcatchment is assumed to be the outflow from the solar park. Finally, infiltration 

is allowed for all the subcatchments except for those representing panel areas. 

 

6.3. Modelling scheme 

6.3.1. PV power plant hydrological characteristics 

For the demonstration carried out in this study, we have considered the following 

characteristics of the subcatchments.  Panel areas in the PV park are modelled as 

totally impervious subcatchments with inclination β=30° to the horizontal (Figure 

6.2a). This inclination is common for PV installations at the latitude of south Italy. 

A metal frame holding 2 panels in the vertical direction is supposed, with single 

panel having a length of 2.38 m and a width of 1.3 m, which are within typical 

dimensions for industrial panels used in solar parks. Panels’ surface is usually made 
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of very smooth glass; therefore, n=0.007 is associated to subcatchments 

representing panel areas. Corridors and under-panel areas are modelled as totally 

pervious subcatchments. Length of corridors is usually optimized to minimize 

shadows effects between two panels rows. However, a minimum distance (range 

2.5-3 m) between two panels rows has to be guaranteed to allow for the safe moving 

of maintenance vehicles. In the model, a length of 2.7 m is associated to the 

corridors, while the length of the under-panel areas can be derived projecting the 

length of 2 panels to the horizontal (i.e., 4.12 m). Ground slope in the solar park is 

set equal to 1% (Palmer et al., 2019). 

Besides, a reference catchment with the same extension of the park is modelled. In 

order to maintain the same modelling scale and enable comparison, the reference 

catchment is divided in subcatchments equivalent to the corridors and the under-

panel areas (same area and ground slope). In this case, all the subcatchments in the 

reference have the precipitation input and allow for infiltration. Moreover, each of 

these subcatchments discharges its runoff to the subcatchment immediately 

downstream. Runoff from the most downstream subcatchment is assumed to be the 

outflow from the reference catchment and used for comparison with runoff from 

the solar park. Ground cover for the reference catchment is assumed to be grass, by 

setting a roughness Manning coefficient n=0.15 (McCuen et al., 1996). 

Since, as already stated, we are assuming that direction of flow coincides with the 

slope of the panels, all terms in Eq. (6.1) are linear functions of the subcatchment 

width W and therefore all simulations are carried out by setting W=1 m for all the 

subcatchments in the PV solar park and in the reference catchment. Results obtained 

(in terms of runoff per unit of width) can then be scaled for any size of the solar 

park by simply multiplying for the actual width of the installation. 

Single events simulations are run in EPA-SWMM setting a time step of 1 seconds. 

In the following sections, variables and parameters potentially affecting the runoff 

from the PV solar park are discussed. 
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PV configurations 

Simulations have been carried out considering three different configurations of the 

solar park. In particular, sequences of 10, 20 and 40 panels rows are modelled to 

represent small, medium and large PV installations, respectively. The three selected 

extensions (extension 1, 2 and 3 hereafter) correspond to total areas per unit of 

width of the installation of about 70, 135 and 270 square meters.       

 

Soil type 

To test the impacts of soil texture on runoff from solar parks, simulations have been 

performed for three different soil types. In particular, Green Ampt infiltration 

parameters for loamy sand, clay loam and silty clay soil type (soil type A, B and C 

hereafter) have been associated to subcatchments in the software, thus going from 

more pervious to less pervious soil (Rawls et al., 1983). In each simulation, the 

same soil type is assumed for the solar park and the reference catchment.  

Fraction of soil porosity that is initially dry (i.e., initial deficit) has to be specified 

in the software. Initial deficit equal to zero is representative of saturated conditions. 

An initial deficit equal to the difference between the soil porosity (saturated soil) 

and the field capacity has been set up. The chosen initial condition for soil moisture 

is typical of soils in the winter season at the beginning of a precipitation event with 

a sufficient antecedent dry weather period.  

 

Storm characteristics 

Precipitation events given as input for the simulations are derived from the Depth-

Duration-Frequency (DDF) curves of the rain gage of Agira in Sicily (south Italy). 

The values of parameters for the Depth-Duration-Frequency (DDF) curves, 

expressed in the power-law form h=atn, from the selected rain gauge correspond to 

the median of 139 stations in Sicily (Failla, 2022). Here, h represents the rainfall 

depth; a is a constant that depends on the specific location or dataset; t represents 

the duration of the rainfall event; n is an exponent that also depends on the specific 

location or dataset.  Events of 5, 20 and 50-years return period (RP) are simulated. 
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Parameters a of the DDF curves are equal to 34.72, 49.02 and 58.09 for RP of 5, 20 

and 50 years, respectively, while corresponding exponents n are equal to 0.339, 

0.354 and 0.360. 

Besides magnitude, influence of duration and temporal distribution of the 

precipitation event is investigated. First, constant intensity rainfall events with 

duration of 10 minutes, 1 hour and 3 hours and rainfall intensity derived from the 

DDF curves are given as input to the model. Then, hyetographs of 1 and 3 hours 

durations derived from the Chicago method (Keifer and Chu, 1957) are considered. 

For the construction of the Chicago hyetographs, a time step of 10 minutes is 

adopted and the highest peak of precipitation height is placed almost in the middle 

(3rd time step for the 1-hour hyetograph and 9th time step for the 3-hour 

hyetograph). When deriving precipitation heights for sub-hourly durations, 

exponent of the DDF curve is changed in 0.5 (Engman and Hershfield, 1981).  

  

Ground cover 

Different ground covers have been assumed, related to short and long term 

conditions after PV installation. In the short term after installation of the PV park, 

no significant changes in ground cover are expected with the respect to the pre-

installation scenario. In the long term, operation of the PV solar parks involves the 

use of maintenance vehicles that could affect the soil properties in the area between 

panel rows - in terms of compaction and reduced hydraulic conductivity (Pisinaras 

et al., 2014; Choi et al. 2020). Moreover, the area under the panel rows may 

experience, in time, a lower vegetation growth rate as compared to the space 

between rows because of the reduced amount of photosynthetic active radiation 

(Armstrong et al., 2016; Jahanfar et al., 2019). Hence, changes in surface roughness 

are taken into account here. In particular, the presence of the panels rows together 

with the maintenance activities of the park usually lead to a reduction of the surface 

roughness. Therefore, simulations have been run by assuming the same roughness 

coefficient of the reference catchment for corridors and under-panel areas, thus 

allowing evaluation of the runoff from the park in the short term after installation 
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(short-term condition). Secondly, progressive reduction (by 10% and 20%) of the 

original roughness coefficient is supposed for corridors and under-panel areas in 

order to evaluate the impacts on runoff of long term changes in surface roughness 

induced by the presence of the solar park (long-term condition). 

 

6.4. Results and discussion 

A total of 135 simulations have been run for the short-term condition by combining 

all the model parameters and precipitation inputs described in the methodological 

section. 

Figures from 6.3 to 6.5 compares the outflows from the PV solar park and from the 

reference catchment as resulting from 9 simulations. 

In order to assess the impact on runoff of the park extension, Figures 6.3a, 6.3b and 

6.3c show outflows from parks of extension 1, 2 and 3, respectively, and soil type 

C. In the 3 simulations, the precipitation input is a Chicago hyetograph of 1 hour 

duration and 20-years RP. 

 

Figure 6. 3 Outflows from the PV solar park and from the reference catchment for 

different park extensions (short-term condition). 

For fixed soil type and precipitation input, increments of the park extension result 

in increments of the peak flow and of the total runoff volume (Figures 6.3a, 6.3b 

and 6.3c). In particular, peak flow per unit of width increases by 33% each time the 

area of the solar park is doubled (from extension 1 to 2 and from extension 2 to 3), 

due to the non-linearity of the processes involved in the runoff formation. The 

outflow curve from the solar park follows the corresponding curve from the 

reference catchment both in the rising and in the recession limb of the hydrograph, 
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regardless of the park extension. Minimal differences between the two outflow 

curves can be observed at the beginning of the precipitation event (first 20 minutes), 

with values of the outflow from the solar park slightly higher than those from the 

reference catchment. Analysis of the simulations output allows to ascribe this 

behaviour to the most downstream part of the solar park. Indeed, the generic 

corridor in the solar park receives in input the direct rainfall and the runoff from the 

panel area. The two contributions are practically simultaneous as the time of 

concentration of the panel area is in the order of a few seconds. Therefore, for a 

given soil infiltration capacity, the corridor generates excess of runoff with the 

respect to the portion of the reference catchment placed at an equal distance from 

the outlet. This excess of runoff can be later infiltrated in downstream under-panel 

areas and corridors. However, the most downstream corridor delivers the runoff 

directly to the outlet thus anticipating the time for the beginning of the runoff as 

observed in Figures 6.3a, 6.3b and 6.3c.  

Influence of the soil type on the runoff from the solar park is shown in 

Figures 6.4a, 6.4b and 6.4c, referring to simulations run for solar park of same 

extension (3) and precipitation input (Chicago hyetograph 3-hours duration, 50-

years RP) but different soil type (A, B and C, respectively). 

 

Figure 6. 4 Outflows from the PV solar park and from the reference catchment for 

different soil types (short-term condition). 

For fixed solar park extension and precipitation input, changing from sandy to clay 

soils results in increased peaks flow and total runoff volumes, due to the reduction 

in infiltration capacity (Figures 6.4a, 6.4b and 6.4c). In particular, peaks flow from 

solar park results equal to 0.2, 2.5 and 2.8 L/s per unit of width for soil type A, B 
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and C, respectively. Peak flow and total runoff volume from the solar park are 

greater than the corresponding values from the reference catchment only for soil 

type A (Figure 6.4a). Indeed, in soil with high infiltration capacity, almost all the 

precipitation is infiltrated. In this case, excess of runoff from the corridor 

immediately upstream the outlet (with no other downstream under-panel areas and 

corridors available for infiltration) assumes a greater relative weight. However, the 

increment of peak flow and total runoff showed in Figure 6.4a is not significant in 

absolute terms (peak flow for unit of width less than 0.25 L/s). The same conclusion 

can be drawn for other simulations with soil type A in which differences in the 

outflows from the solar park and from the reference catchment are observed. 

Finally, Figures 6.5a, 6.5b and 6.5c show outflows from solar parks of extension 2 

and soil type C for constant precipitation input of durations 10 minutes, 1 hour and 

3 hours, respectively, and 20-years RP. 

 

Figure 6. 5 Outflows from the PV solar park and from the reference catchment for 

different duration of the precipitation event (short-term condition). 

For fixed solar park extension and soil type, outflow from the solar park is equal to 

that from the reference catchment (in terms of peak flow and total runoff volume) 

regardless of the duration of the precipitation event as shown in Figures 6.5a, 6.5b 

and 6.5c.  

Temporal distribution of the rainfall does not influence the aggravation of outflow 

from the solar park as compared to the reference catchment. Indeed, Figures 6.3b 

and 6.7b report results of simulations carried out for parks of same extension and 

soil type, in which the 1-hour, 20-years RP precipitation event is given as input in 

the form of a Chicago hyetograph (Figure 6.3b) or constant rainfall (Figure 6.5b). 
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In both cases, outflow curves from the solar park follow the corresponding curves 

from the reference catchment during the whole simulation.  

Finally, simulations that differ only for the RP of the precipitation event also led to 

outflow curves from the solar park practically equal to those from the reference 

catchment, regardless of the magnitude of the event. 

Globally, no significant increments of the peak flow and of the total runoff volume 

from the solar park as compared to the reference catchment were observed in all the 

135 simulations for short-term condition. This result is in line with modelling and 

experimental findings of previous studies (Cook and McCuen, 2013; Wang and 

Gao, 2023). 

To evaluate the effects of possible long-term changes in land cover induced by the 

presence of the PV installation, a reduction of the roughness surface is supposed for 

subcatchments representing corridors and under-panel areas in the model. In 

particular, the original Manning coefficient for those subcatchments is 

progressively reduced by 10% and 20% (i.e., n=0.135 and n=0.12, respectively). 

Figure 6.6 shows comparison between outflows from the PV solar park and from 

the reference catchment for 3 long-term condition simulations. Model parameters 

and precipitation inputs of the simulations related to Figures 6.6a, 6.6b and 6.6c are 

the same of those discussed for Figures 6.3b, 6.4b and 6.5a, respectively. 

 
Figure 6. 6 Outflows from the PV solar park and from the reference catchment for 

different combinations of model parameters and precipitation inputs (long-term 

analysis). 

In all the simulations, the reduction of the surface roughness surface in corridors 

and under-panel areas leads to increased peaks flow as compared to the short-term 

analysis. For the events analysed in Figure 6.6, a 10% reduction of the Manning 
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coefficient results in peak flow increases of about 6% (Figure 6.6a), 8% (Figure 

6.6b) and 21% (Figure 6.6c). The percentage of peak flow increase is even greater 

if the Manning coefficient is reduced by 20% (15% increase for events in Figures 

6.6a and 6.6b and 35% for event in Figure 6.6c). 

The reduced roughness surface allows for a faster surface runoff from the upstream 

part of the solar park towards the outlet. Indeed, both the rising and the recession 

limb of the hydrograph from the solar park are anticipated with respect to those of 

the hydrograph from the reference catchment. Runoff velocity increases passing 

from a 10% to a 20% reduction of the Manning coefficient for all the events showed 

in Figure 6.6. Also this result is in agreement with simulation studies carried out by 

Cook and McCuen, 2013). 

As a consequence of the increased runoff velocity, total runoff volumes from the 

solar park are greater than those from the reference catchment for all analysed 

events. Indeed, the potential of water infiltration is related to the ponding time 

above the subcatchment surface, which decreases as runoff velocity increases. For 

the events showed in Figure 6.6, runoff volumes from the solar park increase with 

respect to the reference catchment in the order of 1-3% for a 10% Manning 

coefficient reduction and in the order of 2-5% if the Manning coefficient is reduced 

by 20%.  

6.5. Conclusion 

This study applied a modelling framework for the simulation of stormwater runoff 

in ground-mounted photovoltaic solar parks is proposed. EPA-SWMM software is 

used in a novel way to model all the elements in the solar park and their mutual 

interactions during precipitation events.  

The modelling exercise showed the potentialities of the proposed conceptualization. 

Specifically, by comparing outflow discharges from the park and from a reference 

catchment (pre-installation condition), the proposed approach was successful in 

simulating some of the main impacts of PV power plant realization on peak flow 

and total runoff volume. In particular, simulations were run considering 3 different 

sizes of the PV installation (small, medium, large), 3 different soil types and input 
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hyetographs of different return periods, shapes and durations. A first set of 

simulations have been run by assuming the same roughness surface for the solar 

park and the reference catchment (short-term condition). Then, the impacts of the 

presence of the panels rows (as well as of the maintenance activities) on the 

roughness surface have been considered. The proposed conceptualization allows to 

successfully simulate the spatial redistribution of the rainfall and infiltration fluxes 

due to the presence of the panel rows.  The modelling exercise shows that when the 

surface roughness of the solar park is decreased, peak flow increases in the order of 

6-35% as compared to the pre-installation scenario.  Increased values (1-5%) of the 

total runoff volume are obtained as well. 

The proposed modelling framework may be useful for operators in the field of 

photovoltaic for the evaluations of the outflow discharge from the solar park for 

different configurations of the installation, soil type and ground cover. The use of a 

free and open-source software adds value to the research and could represent a boost 

for the development and the improvement of the modelling framework as well as 

for a simple and wide diffusion of the results. Future availability of experimental 

data on runoff from solar park would help increasing the reliability of the obtained 

results; further investigations will also attempt to extend model applications at the 

watershed scale. 

Future steps of the work may include the evaluation of other impacts on the ground 

cover induced by presence of the PV installation as well as the investigation of the 

solar park behaviour in long period simulations.  Finally, other layouts of the PV 

installation should be considered in future works, especially those implying a 

reduction of the available area for infiltration within the park.
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Chapter 7 

Conclusions 

This chapter presents the main findings of the study and suggests future work based 

on the results. The conclusions address the main objectives of the study and discuss 

the results in relation to the methods and analysis. 

7.1 Main conclusions 

The study confirmed that evapotranspiration trends showed an increasing and 

decreasing trend in monthly, seasonal, and annual trends for the last 20 years in 

Sicily. Specifically, in Piazza Armerina, Sicily, the reference evapotranspiration 

showed only a monthly decreasing trend, and different climatological variables 

also exhibited decreasing/increasing trends on a monthly and seasonal temporal 

scale for the last 17 years. This supports that the results of this thesis and other 

studies indicate climate change in Sicily. It necessitates climate change mitigation 

measures such as transitioning to solar energy to halt the emission of greenhouse 

gas to the atmosphere. However, this solar energy transition needs proper design, 

taking into account the potential impacts on local-scale hydrology, such as 

evapotranspiration and runoff. This study's results showed that the Priestley and 

Taylor (PT) and Hargreaves and Samani (HS) evapotranspiration estimation 

methods are best suited for monitoring the impacts of solar parks on 

evapotranspiration in Sicily. Moreover, there is no significant impact of solar parks 

on runoff in the Sicilian climate. Still, attention is needed regarding ground cover 

to minimize the potential increase in peak flow and volume of runoff. 

The study figured out the following finding in this thesis: 

➢ The Priestley and Taylor (PT) and Hargreaves and Samani (HS) 

evapotranspiration estimation methods were the first and second best-

performing methods, which enable monitoring the potential impact of solar 

parks on evapotranspiration in Sicily. 

➢ The trend of reference evapotranspiration (ETo) and climatological 



 

 

114 

 

elements in Piazza Armerina, Sicily, over a 17-year period analyze; 

specifically the ETo exhibited a downward trend of 0.790 mm per year in 

November, while no significant trend was observed in other months or on 

seasonal and annual time scales. Solar radiation (in November and Autumn) 

and rainfall (in Autumn) demonstrated a downward trend. On the other 

hand, the remaining meteorological variables (minimum temperature, 

maximum temperature, mean temperature, wind speed, and relative 

humidity) exhibited an upward trend both at monthly and seasonal scales in 

the study area. Among the variables, specific humidity and wind speed had 

the highest (44.59%) and lowest (0.9%) contribution rate to ETo trends in 

the study area, respectively. 

➢ From 46 meteorological  stations over the Sicily,  5 meteorological  stations  

showed a significantly increasing trend of potential evapotranspiration 

(PET). However, there are many locations where the monthly trend is 

statistically significant. The number of locations where monthly trend is 

significant is maximum for August, where 18 out of these 46 stations have 

an increasing trend. In contrast in March there are no locations with 

significant trends.  

➢ There were no practical changes in runoff in the short term after the 

installation of ground-mounted photovoltaic solar parks. However, in the 

long term, modifications in soil cover may lead to a potential increase in 

runoff. 

➢ Moreover, in relation to the delay in installing instruments for monitoring 

the impact of PV, we were unable to support our study with long-term 

experiments. Perhaps future research will be more informative if they can 

conduct long-term experimental research. 
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7.2 Future research works 

 

Beyond this thesis working, it still needs detailed investigation for further 

clarification and understanding. The following are the main themes that should be 

investigated in detail and require further clarification for better understanding in 

future works: 

The study evaluated the evapotranspiration estimation method performance using 

the FO PM method. However, the FAO PM method has limitations in different 

climate systems. Thus, observation data (lysimeter) instruments will be more 

suitable for evaluating the performance of the evapotranspiration methods. 

Moreover, lysimeters will be more suitable for measuring evapotranspiration under 

the PV. 

To understand the spatiotemporal trend of ETo and PET more precisely, it would 

be better to use long-term meteorological data. This could be more valuable and 

effective for climate change mitigation measures in Sicily and the Mediterranean 

climate. 

When modeling the runoff induced by ground-mounted photovoltaic panels, it 

would be more precise to apply experiments instead of EPA SWMM simulations. 

Moreover, it still needs to simulate the impact of ground-mounted PV on runoff in 

relation to different land use and land cover scenarios and different climate systems. 

The PV's impacts on the local climate also need to be addressed using experimental 

analysis. 
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