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Abstract

Evapotranspiration, particularly reference evapotranspiration (ETo), is an essential component of
both climate and hydrological cycles and a fundamental prerequisite for determining the water
requirement in irrigated areas and analyzing the impacts of climate change on water resources.
However, the standard equation for calculating ET, adopted by the Food and Agriculture
Organization (FAO) necessitates several meteorological parameters that are not always available.
It also neglects the effect of rising atmospheric carbon dioxide (CO2) on crop water use. This
creates additional challenges for farmers as agricultural water resources planning should consider
explicitly the short-term effect and longer-term implications of hydrological alterations brought
about by evapotranspiration changes in response to water stress and climate change. Accurate
reference evapotranspiration estimations are then crucial as farmers have to decide not only the
amount of irrigation water to be used, but also the pattern of its use over the production period. The
thesis first explored and evaluated some of the most used models that were developed to account
for the effect of CO> on evapotranspiration. This review gives an idea about the complexity of the
modeling procedure and underlines the advantages and shortcomings of each model. Then, the
projected climate change in the near future (2021-2050) in different locations in Emilia-Romagna
(Italy) was studied, with an emphasis on the opposite effect of an increase in both air temperature
and CO- levels on ET,. The case study used reanalysis data as a surrogate to historical weather
stations measurements and an ensemble of regional climate models (RCMs) for the future
projections. Results show that higher CO> levels moderated the increase in ET, that accompanies
an increase in air temperature, taking in consideration the change in other weather variables i.e.
solar radiation, wind speed and dew point temperature. The outcomes of this study show that
considering the CO; fertilization effect when calculating reference evapotranspiration might give
a more realistic estimation of water use efficiency and irrigation requirements in Emilia-Romagna
and a better analysis of the future availability and distribution of water resources in the region.
Finally, data from a model forecasting reference evapotranspiration (FRET) and the different
variables involved in its calculation for the state of California (USA) were compared with similar
data from the regional weather station network (CIMIS) to evaluate their accuracy and reliability.
The evaluation was done in locations with different microclimates and included also sample

irrigation schedules developed using FRET ET, that were provided to illustrate the use of forecast



ETo alongside with soil hydraulic properties and irrigation system’s performance parameters to
optimize water applications for specialty crops and urban landscape. The obtained results
demonstrate that FRET ET, forecasts are a viable alternative to traditional ET, measurements with
some differences depending on the climatic condition of the location considered in this study. This

implies that FRET could be replicated in other areas with similar climate settings.
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1. General introduction

Civilization began with agriculture, and although its contribution to the global gross domestic
product (GDP) has decreased, the agricultural sector still remains the backbone of the economic
system of a given country and its growth has always been the precursor to a wider economic
development. Agricultural lands occupy a third of the global ice-free land area, and a fifth of the
world population depend on agriculture for their livelihoods either as actively engaged workers or
as dependents (FAO 2020). Agriculture's most basic task and main objective is providing adequate
food supplies for mankind. Improving food availability and achieving food security has been
possible for a long time with the emergence of the “industrial revolution” and associated rapid
growth and development of human societies as croplands and pasturelands each expanded fivefold
in the last three centuries (Ramankutty et al. 2018), allowing global agricultural production to reach
an average growth between 2% and 4% per year over the last 50 years (FAO 2013). This steady
growth increased global per capita food supply from about 2200 kcal/person/day in the early 1960s
to more than 2800 kcal/person/day by 2013 (Figure 1-1), which is superior to the recommended

average daily caloric intake.
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Fig.1-1. Global daily supply of calories from 1961 to 2013. Caloric supply is measured in
kilocalories per person per day (FAOSTAT 2020).
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However, keeping this performance is likely to become more difficult in the future, as global
population exceeded 7.6 billion people in 2018, and is predicted to reach 9.7 billion by 2050 (UN
2019). To meet the projected 50% rise in food demand, it will be necessary to increase agricultural
production by the same percentage to provide food for the global population in 2050 (FAO 2017).
Besides, the role of agriculture goes above and beyond food production. It also includes production
of non-food products e.g. Biofuels, natural biopolymers, building and construction materials,
natural fibers, cosmetics, pharmaceuticals and chemicals. Knowing that urbanization and rising
incomes in much of the developing world have pushed demand for food and other agricultural
products to unprecedented levels (FAO 2013), agriculture is hence facing an increasing pressure to
meet the needs of current and future human populations. This is further complicated by the fact
that the cultivated area (permanent cropland and arable land) has grown by only 1% annually over
the last 50 years as agricultural land expansion has become increasingly difficult due to its
associated high costs, the competition from urban development, the large carbon losses caused by
deforestation (Burney et al. 2010) and for other environmental reasons (FAO 2013). So far, this
relatively slowly growing land base has been compensated mainly by increasing the output per unit
of land to meet the rapidly rising demands placed on agriculture. The increase in land productivity
has been the result of a combination between an input intensification, that is, using more labor,
capital, and material inputs per unit of agricultural land, and increases in the efficiency with which
both land and non-land inputs are used, known as total factor productivity (TFP) (Villoria 2019).
Productivity growth in agriculture has enabled farmers to produce a greater abundance of food
causing its prices to fall by an average of 1% per year between 1900 and 2010 even as population
growth accelerated (Figure 1-2). This was facilitated by a plethora of technological advances e.g.
progress in plant biology and animal breeding techniques, which improved crops and livestock
genetic material and introduced new and optimized crop varieties and livestock breeds (Evenson
and Gollin 2003; Thornton 2010; Glenn et al. 2017); improvements in the mechanization of
agriculture (Pingali 2007); use of fertilizers and pesticides (Carvalho 2006). These developments,
combined with subsidized energy costs, boosted the use of surface and groundwater resources by
farmers for irrigation purposes. In fact, all the net increase in cultivated area over the last 50 years
is attributable to a net increase in irrigated cropping, with land under rainfed systems showing a

very slight decline. Irrigation has been then crucial for gains in food production with more than



Chapter 1
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Fig 1-2. USDA Economic Research Service using Fuglie et al. (2012). Depicted in the chart is the
Grilli-Yang agricultural price index adjusted for inflation by the U.S GDP implicit price index. The
Grilli-Yang price index is a composite of 18 crop and livestock prices, each weighted by its share
of global agriculture trade (Pfaffenzeller et al. 2007). World population estimates are from the
United Nations.

40% of these gains coming from irrigated areas, which have more than doubled in size since the
1960s (Figure 1-3). Moreover, irrigation reduced dramatically the number of hectares needed to
feed one person from 0.44 to 0.21 ha per person. However, the constant expansion of the irrigated
area has put an increasing pressure on global water resources with irrigation currently accounting
for 70% of the total global renewable water resources (FAO 2011), making it the primary driver of
groundwater depletion worldwide and pushing global water withdrawals to their near maximum
sustainable level at about 4600 km?® per year (Gleick and Palaniappan 2010). Projections of the
global irrigated area suggest that it will continue increasing linearly, reaching between 250 and 450
million hectares by 2050 (Rosegrant et al. 2002; Shiklomanov and Rodda 2003; Alcamo et al. 2005,
2007; Fischer et al. 2007; Molden 2007; Alexandratos and Bruinsma 2012), while agricultural
withdrawals are projected to increase to almost 3000 km?® yr* by 2050 (FAO 2011).
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Fig. 1-3. Evolution of land under irrigated and rainfed cropping (1961-2018) (FAOSTAT 2020)

This indicates a net increase of 10% between 2011 and 2050, which could be even higher according
to Puy et al. (2020). They projected that the amount of irrigated land could increase to as high as
1.8 billion hectares by 2050 because the aforementioned projections underestimate the potential
extension of irrigation by ignoring basic parametric and model uncertainties. Much larger irrigated
areas might force agricultural land to extend toward new ecosystems or non-cultivated areas with
the consequent loss of biodiversity, which might also be larger than expected. At the same time,
needing more water for irrigation will affect intersectoral water allocation causing more stress on
water resources than expected. Besides, current irrigation efficiencies are often below 50%, as
much of the diverted water is lost in the conveyance system or through inefficient application to
the plants (Jagermeyr et al. 2015). Therefore, the irrigation potential created in the world is not
being fully used and creates even further irrigation demands in the existing system for agricultural
production. In this context, improving agricultural water resources management becomes crucial
in order to meet the increased food demands of a growing population and to avoid environmental
damages such as water systems pollution, soil infertility and erosion and the natural ecosystems
destruction. The key to understanding water requirements, and getting the most efficiency with
irrigation systems, is understanding evapotranspiration (ET). Accurate quantification of ET is of a
paramount importance to water allocation, irrigation management, evaluating the effects of

changing land use on water yield, environmental assessment, and development of best management
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practices to protect surface and groundwater quantity and quality (Irmak 2008). Evapotranspiration
is composed of two-subprocesses: evaporation from soil and vegetation surfaces and transpiration
that consists of the exchange of moisture between the plant and atmosphere through plant stomata.
It is an important component of the water cycle (Figure 1-4) as global land ET returns
approximately 60% of annual land precipitation to the atmosphere (Oki and Kanae 2006) and

consumes more than half of the solar radiation in the form of latent heat (Trenberth et al. 2009).
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Fig. 1-4. The hydrological cycle (Schroeder 2003)

Evapotranspiration is governed by several factors: weather parameters, essentially solar radiation,
air temperature, humidity and wind speed; crop factors such as crop type, variety, development
stage, height, roughness and rooting characteristics, resistance to transpiration, reflection and
ground cover; management and environmental conditions e.g. soil salinity, water content,
penetration resistance and management, land fertility, application of fertilizers and pest and disease
control (Allen et al. 1998). Since its first definition by Thornthwaite (1948), ET has been measured
using several methods such as lysimeters (Fenner et al. 2019), Eddy correlation systems (Parent
and Anctil 2012; Maestre-Valero et al. 2017), Bowen ratio energy balance systems (Irmak et al.

2014), atmometers, including evaporation pans (Lamine et al. 2015), scintillation techniques
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(Rambikur and Chavez 2012; Vendrame et al. 2019), remote sensing (Zhang et al. 2016) and soil
water balance (Bargaoui 2012). However, these methods are often costly, time consuming,
demanding in terms of accuracy of field measurements and require an in-depth experience and
expertise with the different instruments and data acquisition and processing. Besides, they are
strongly influenced by crop type, crop development and management practices, which prompted
the scientific community to estimate evapotranspiration independently from vegetation and soil
characteristics, using solely meteorological data. This was made possible by relating ET to a
reference surface having an inexhaustible water supply, thus leaving only meteorological factors
to be considered. Linking evapotranspiration to a specific surface would also provide a reference
for comparison with ET from other surfaces and eliminate the need to define a separate ET level
for each crop and stage of growth. Hence, the concept of reference evapotranspiration (ETo) was
introduced. To calculate ET of other surfaces, ET, is multiplied by a crop coefficient K¢, which is
as an aggregation of the physical and physiological differences between crops and the reference
definition (Guerra et al. 2016). In its Irrigation and Drainage Paper N0.56, the Food and Agriculture
Organization of the United Nations (FAO) defines ET, as “the rate of evapotranspiration from a
hypothetic crop with an assumed crop height (12 cm) and a fixed surface resistance (70 s m™) and
albedo (0.23) which would closely resemble evapotranspiration from an extensive surface of green
grass cover of uniform height, actively growing, completely shading the ground and not short of
water” (Allen et al. 1998). For its calculation, FAO adopted an adjusted version of the Penman-
Monteith method (FAO-PM), which is a combination between Penman (1948; 1963) equations and
the Monteith (1965) equation:

0408 A (Ry—G)+Y 757tz (65—€q)
ET, = A+y (1+0.34 uy) (-1)

where ET, is the reference evapotranspiration (mm d1); Ry is the net radiation at the crop surface
(MJ m?2 d1); G is soil heat flux density (MJ m2 d%); T is the mean daily air temperature at 2 m
height (°C); uz is the wind speed at 2 m height (m s2); es is the saturation vapour pressure (kPa); ea
actual vapour pressure (kPa); es-ea Is the saturation vapour pressure deficit (kPa); A is the slope

vapour pressure curve (kPa °C™); y is the psychrometric constant (kPa °C™).

The FAO-PM equation uses standard climatological records of solar radiation (sunshine), air

temperature, humidity and wind speed that should be measured at 2 m (or converted to that height)
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above an extensive surface of green grass, shading the ground and not short of water, to ensure the
integrity of the computations (Allen et al. 1998). The FAO-PM equation proved its superiority over
several previously used empirical and semi-empirical equations (Suleiman and Hoogenboom 2007;
Trajkovic and Gocic 2010; Ngongondo et al. 2013), and was widely applied in different locations
mainly for estimating crop water requirements and irrigation scheduling (Beutler and Keller 2005;
Adeniran et al. 2010; Bouraima et al. 2015; Hossain et al. 2017; Islam et al. 2017; Memon and
Jamsa 2018; Ewaid and Al-Ansari 2019; Abrishambaf et al. 2020). Nevertheless, a large number
of empirical and semi-empirical equations are still being used by irrigation engineers and
researchers for the calculation of reference evapotranspiration, as the FAO-PM equation requires
input of several measurements of often unavailable climatic variables due mainly to the high costs
of weather stations installation and maintenance (Exner-Kittridge and Rains 2010). This is
especially true in developing countries (Tabari 2010; Hou et al 2013). Yet, this large number of
simpler equations often yielded inconsistent results as their assumptions and meteorological data
requirements differ (Grismer et al. 2002; Lu et al. 2005), urging researchers to compare a multitude
of different approaches to choose the best one according to the situation investigated (Trajkovic
and Kolakovic 2009; Xystrakis and Matzarakis 2011; Rahimikhoob et al. 2012; Sheikh and
Mohammadi 2013; Djaman et al. 2015; Celestin et al. 2020). Moreover, since the accuracy of each
of these methods is largely affected by the climatic conditions of the study area, it is highly
recommended to locally calibrate them before they can be used to estimate ET, (Poyen et al. 2016).

An alternative approach to obtain the missing data for the ET, calculation is to use weather forecast
data. Time series forecasting has gained remarkable interest from researchers in the last few
decades, and ET, forecasts are becoming fundamental to real-time irrigation scheduling and
agricultural water management, especially in semi-arid and arid climates where supplemental or
full irrigation is often needed to produce a crop. This is mainly due to important advances in
weather forecasting based on statistical and numerical weather prediction (NWP) models (Bauer
et al. 2015), that gave a solid proof of the suitability of ET, forecasts as a substitute to weather
stations measurements (Perera et al. 2014; Luo et al. 2015; Traore et al. 2016; Manikumari et al.
2017; Liu et al. 2020). Furthermore, the potential for ET, forecasting is projected to improve and
the forecasts uncertainties will decline as the performance of the statistical and NWP models
increases or systematic errors are removed from the forecast weather variables. Using forecast ET,

has many advantages: It helps farmers making optimal irrigation scheduling decisions because it
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permits the irrigation scheduling based on expected weather conditions rather than on intuition or
past weather data (Vanella et al. 2020), which would increase farmers profits from higher yields
and/or greater irrigation water efficiency. Moreover, reliable ET, forecasts reduce costs and
provide ET, data in a more timely fashion by eliminating or decreasing the number of automated
weather networks that are currently needed to provide near-real time ET, data for irrigation
scheduling purposes (Duce et al. 2000). Another important advantage of ET, forecasts from models
is their ability to produce spatially distributed data, which are very relevant for regional scale
studies, unlike in-situ observations obtained by weather stations that are unable to provide reliable
spatial ET, at large scales, mostly because of the sparsity and heterogeneity of weather stations
networks and the complexity of the land surface (Tomas-Burguera et al. 2018). The same issue is
also experienced with remote sensing techniques because daily spatial ET, is not often available
due to temporal resolution of satellites and/or gaps in image acquisition due to cloud cover (Ju and
Roy 2008). However, forecast models’ outputs are usually open for researchers, but not for the
public, and these outputs are also difficult for non-professionals to analyze (Yang et al. 2019).
Considering this fact, it becomes necessary to develop more free and user-friendly models with a

simple and intuitive design which will make daily real-time ET, data accessible to the public.

Reanalysis may also represent a good alternative dataset for the calculation of reference
evapotranspiration in regions where weather stations are sparsely distributed or nonexistent. They
combine past short-range weather forecasts with observations through data assimilation from past
to present-day (Parker 2016). Reanalysis contain estimates of a myriad of atmospheric and surface
parameters (Wang et al. 2011; Balsamo et al. 2015) produced at a global scale, and spanning a long
time period that can extend back several decades or more. Since their first appearance in the early
1990s, reanalysis products have been improving in accuracy and temporal and spatial resolution
and they have become among the most used datasets in the study of weather and climate, especially
as substitutes for traditional observations (Shiu et al. 2012; Kravtsov et al. 2014; Essou et al. 2017;
Tarek et al. 2020).
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Detailed weather information, which includes past records, present weather and future forecasts
allow farmers to make valuable and effective short-term decisions regarding crop planning, pest
management and water allocations strategies. To further increase their profitability and
competitiveness, farmers need to develop long-term strategies using future climate projections to
assess the effect of climate change especially in developing countries (Hewitson et al. 2014).
Climate change is the long-term alteration in Earth’s climate and weather patterns mainly caused
by greenhouse gas emissions (GHGs) from natural systems and human activities. Anthropogenic
emissions, primarily from burning fossil fuels and deforestation, account for approximately 55%
of the total global GHGs emissions (Yue and Gao 2018), with carbon dioxide (CO2) accounting
for 76% of the total anthropogenic greenhouse gas effect (Blanco et al. 2014). Man-made CO in
the atmosphere has increased from pre-industrial levels of about 278 ppm (parts per million) to
about 408 ppm in 2018 (Feely et al. 2019), creating an artificial forcing of global temperatures
which, by the that same year, had already warmed the planet by 0.92°C (Figure 1-5).
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450 ppm A - 1.25°C
400 ppm A
- 1.00 °C
350 ppm ~
300 ppm A — A = - 0.75°C
250 ppm A
- 0.50°C
200 ppm -~
150 ppm - - 0.25°C
100 ppm -
- 0.00°C
50 ppm A~
Oppm|||||||||||||||||||||||||...—0.25°C
covwvwnNFowAaNTSFOoOoOLwANNSFOWOWUANRNTSTOWOWUANT O OAN
NN WOWONVVNDNDO AT ANANNTITILNNULLONNONINDO O
WO NWONVNVVONNNNDNNDNDNNDNDNDNNDDANANO O OO
AdAdAd-d A Ad-AdAd A A A A A A A A A A A A A A A A AN N N N

Fig. 1-5. Global average long-term atmospheric concentration of carbon dioxide (CO2) (NOAA
2018) and global average temperature anomalies (relative to a pre-industrial period between 1850
and 1899) based on the HadCRUT4 dataset (Met Office Hadley Centre 2020).
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If no mitigation measures are taken, the CO- levels are projected to reach or exceed 550 ppm by
2050 (Smith and Myers 2018) causing global warming to reach 1.5°C between 2030 and 2052 with
regards to pre-industrial levels (Allen et al. 2018). Increases in temperature enhance the moisture
holding capacity of the atmosphere and thus, lead to an intensification and an acceleration of the
global hydrological cycle (Stagl et al. 2014), which will exacerbate precipitation variability and
change seasonal patterns increasing the periodicity and intensity of some climate extremes such as
storms, hurricanes, floods, heatwaves, cold spells, landslides, droughts and associated large-scale
wildfires (Franca et al. 2020). This will also cause changes in disease distribution, desertification,
arable land and freshwater salinization, sea levels rise and coastal degradation, accentuating the
vulnerability of multiple sectors in many countries (UNCCS 2019), especially agriculture. By
altering the water cycle, temperature rise will generally impact the agricultural sector by increasing
evapotranspiration, limiting crop productivity and by reducing water availability in areas where
irrigation is most needed or has comparative advantage (Turral et al. 2011), thus adding to the many
economic and social challenges already being faced by water management in agricultural areas and
further affecting global food production (Iglesias et al. 2011). Nevertheless, in mid- to high-latitude
regions, an altered climate is projected to rather slightly increase crop productivity and water-use
efficiency depending on the crop type, the temperature, and the availability of water and nutrient
(van Vuuren et al. 2009). This is known as the “CO, fertilization effect”. Carbon dioxide is a basic
building block for plant growth. Increased atmospheric concentrations of CO2 enhance
photosynthetic activity at the leaf level and reduce rates of respiration, offsetting the loss of
production potential due to temperature rise and water stress (Ueyama et al. 2020). Higher CO>
levels influence the hydrological cycle by reducing stomatal conductance (Cheng et al. 2017)
resulting in a decrease in continental evapotranspiration and an increase in water runoff (Betts et
al. 2007). Since evapotranspiration is the highest outgoing water flux in the hydrological cycle and
directly influenced by these opposing forces, a clear understanding of historical trends and future
changes in evapotranspiration, particularly reference evapotranspiration, are essential for a better
apprehension of the interaction between CO, and temperature and an efficient use of water
resources in agricultural management under conditions of global climate change. The effect of
elevated CO> levels on evapotranspiration can be accounted for by modifying the canopy resistance
(rc) term in the FAO-PM equation. However, this term was first fixed by Smith et al. (1992) and
Allen et al. (1994a; 1994b), then adopted by FAO in order to obtain a standard equation that can

11
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be applied worldwide, which resulted in an underestimation of the measured ET, in semiarid and
windy areas with high atmospheric evaporative demand, and an overestimation with low demand
(Rana et al. 1994; Steduto et al. 1996; Ventura et al. 1999). Yang et al. (2019) pointed out that the
FAO-PM equation with the fixed canopy resistance is appropriate for an idealized reference crop
in the current climate. However, neglecting the increase of r. under an elevated CO, would
overestimate the future aridity changes, and thus fail to properly assess the response of terrestrial
water availability under future climate change (Roderick et al. 2015; Milly and Dunne 2016; Yang
et al. 2018; Greve et al. 2019; Dong et al. 2020).

Thesis objectives and outline

This thesis investigates a number of challenges related to the estimation of evapotranspiration in
both the short and long term and applies some of the concepts described in the literature review to
assess if they can be viable solutions for a better monitoring and planning of agricultural water use

on local, regional and global scales in a context of water scarcity and climate change.
Overall, the key objectives of this research can be summarized as following:

- Identify the importance of accounting for the ongoing and projected increase in CO> levels
on evapotranspiration estimation, review some of the most used models to account for this
increase and analyze their strengths and weaknesses.

- Quantify the effect of an increase in CO2 concentrations on evapotranspiration and evaluate
its conflicting effect with other meteorological factors, particularly air temperature.

- Assess the suitability and performance of alternative sources to weather stations records for

the estimation of evapotranspiration using the FAO-PM equation.

The following chapters represent a series of manuscripts that are published or submitted to
international peer reviewed journals. While the chapters might have different scopes and research
questions, they form an integral part of the whole thesis. Thus, some common background and
literature review in the chapters can be expected, which is due to the interdependence of the
application and uncertainty issues in ET estimation. In Chapter 2, a review of the different canopy
resistance models that attempted to explain the relationship between evapotranspiration and carbon
dioxide, is given. In Chapter 3, an application of one of these models is done in different locations

in Emilia-Romagna region in Italy to assess the effect of climate change on reference

"12
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evapotranspiration in the near future (2021-2050). In Chapter 4, the accuracy and reliability of
NWP-based daily reference evapotranspiration forecasts (FRET) are evaluated by comparing them
with measured data from California weather stations network (CIMIS) in locations with different
climate characteristics. Some sample irrigation schedules developed using FRET ET, were
provided to illustrate the use of forecast ET, alongside with soil hydraulic properties and irrigation
system’s performance parameters to optimize water applications for specialty crops and urban
landscape. Results of this chapter should help to decide whether FRET data could be a viable
alternative to weather stations measurements and whether they could be reproduced and used in

other locations with similar climatic conditions.
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Chapter 2
Evaluation of some evapotranspiration estimation models

under CO; increasing concentrations

The original research described in this Chapter has been published as:

Ben Hamouda G, Ventura F (2020) Evaluation of Some Evapotranspiration Estimation
Models under CO2 Increasing Concentrations: A Review. Ital. J. Agrometeorol. 2020 (1):
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Chapter 2

2. Evaluation of some evapotranspiration estimation models under CO>

increasing concentrations
Abstract

The total volume of CO. emissions is building up dramatically, and because of the effect of this
gas on the growth, physiology, and biochemistry of plants, it is becoming increasingly necessary
to look into the impact of the relentless rise of carbon dioxide. Although there are several developed
approaches that tried to model the canopy resistance, many of these methodologies ignored the
effect of CO2 or were not incorporated with the existing evapotranspiration calculation
methodologies, mainly due to the complexity of the modeling procedure and the short time
framework of the conducted studies. This review explores the few models estimating crop water
requirements that account for this effect and examines their assumptions and theories. The
inclusion of canopy resistance models in evapotranspiration calculation may be of questionable
utility without improvements in some modeling aspects, such as the relationship between the
stomatal conductance and CO> and the climatic variables taken in consideration in the modeling

process.

Keywords: Penman Monteith, ET,, carbon dioxide, canopy resistance, surface resistance, climate

change.
2.1. Introduction

According to (UNDESA 2017), the world population is foreseen to grow between 20-30% by 2050,
going from 7.7 billion people in 2017 to between 9.2 and 10,2 billion. Naturally, the global demand
for food production is also expected to increase by almost 60% by 2025 (Alexandratos and
Bruinsma 2012; OECD 2012). On the other side, global water consumption has already known a
leap of 600% over the last century (Wada et al. 2016), and it keeps increasing by 1% yearly
(AQUASTAT n.d.). Water demand is currently evaluated at 4.600 km?® and could reach almost
6000 km? by 2050 (Burek et al. 2016). All this will put more pressure on the agricultural sector,
which is the actual largest world consumer of freshwater, mostly for irrigation, accounting for 70%
of freshwater withdrawals, up to 90% by 2050 (WWAP 2012). Agriculture is also expected to face
a fierce competition for water resources from other sectors, resulting in a decrease in its share of

total water use in developing countries from 86% in 1995 to 76% in 2025 (Rosegrant et al. 2002).
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In addition, global warming is meanwhile affecting the water cycle and shifting weather patterns
(IPCC 2014b). Therefore, the agricultural sector is in great need of creating strategies to improve
water management and, consequently, attain greater levels of water savings in order to face these

aforementioned challenges (de Fraiture and Wichelns 2010).

One of the key components to improving the management of water resources is accurately
determining the water requirements of irrigated crops. These needs depend on the management
strategy chosen, and are based on the demand for atmospheric water, known as evapotranspiration.
Evapotranspiration (ET) is a major component of the hydrological cycle and has an important effect
on the quality of water, since in the evaporation process the water is purified. This clean H20
restores about 60% of global land surface water. For vegetated ecosystems, it is also the main
component of energy balance, employing more than 50% of absorbed solar radiation (Trenberth et
al. 2009). In fact, evapotranspiration is a component of the energy budget involving incoming
energy and outgoing water, occurring at the crop surface. The other components of the budget are
net radiation, sensible heat flux, soil heat flux, and solar radiation stored as photochemical energy.
This exchange process creates an atmospheric demand that is satisfied by transferring water out of
the plant system through evapotranspiration. Such phenomenon is regulated by the principle of
energy conservation or energy balance: energy arriving at the vegetation surface equal energy
leaving the same surface for the same time period. The energy balance equation for an evaporating

surface can be written as:
R,—G—AET—H=0 (2-1)

where Rn is net radiation, H sensible heat, G soil heat flux and AET is the latent heat flux. Terms
can be either positive or negative: positive Rn supplies energy to the vegetation surface and positive
G, AET and H remove energy from the vegetation surface. The latent heat flux (AET) is the
evapotranspiration fraction and can be derived from the energy balance equation, if all other
components are known. ET is an important hydrological variable for irrigation water management,
hydrological modeling and water balance calculations. Penman (1963) defines ET as the
combination of two separate processes occurring simultaneously, evaporation from the soil surface
and transpiration from the crop. Since the evapotranspiration is strongly affected by crop type, crop
development and management practices, there was a need to find a concept to express the
evaporative demand of the atmosphere independently of those factors. Hence, reference
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evapotranspiration (ET,) was introduced for this purpose. ET, is defined as the evapotranspiration
rate from a well irrigated hypothetical grass reference crop with specific characteristics. It
expresses the evaporating power of the atmosphere at a specific location and time of the year and
does not consider crop characteristics and soil factors. Instead, it is driven by weather parameters,
which are solar radiation, air temperature humidity and wind speed. A thorough understanding of
ETo is the first step to achieving efficient and effective water management and irrigation
scheduling. The United Nations Food and Agriculture Organization (FAQO) has adopted an updated
Penman—Monteith equation (FAO-PM) as a global standard for estimating grass reference
evapotranspiration (Allen et al. 1998). This equation was chosen as it provides a better prediction
compared to other methods in a wide variety of geographic locations and climatic conditions
(Kashyap and Panda 2001; Yoder et al. 2005; Lopez-Urrea et al. 2006; Suleiman and Hoogenboom
2007; Adeboye et al. 2009; Rasul and Mahmood 2009; Racz et al. 2013). It includes all the different
atmospheric variables that influence ET, which makes it suitable for climate change impact studies
(Kingston et al. 2009; Islam et al. 2012; Priya et al. 2014). However, despite the completeness of
this equation, it simulates poorly the effect of CO», that is represented by the “canopy resistance”
or “surface resistance” term, rc. In fact, daily rc is fixed at 70 s m™ and is considered constant
regardless of climate type and change in climate patterns, thus contradicting published reports
(Long et al 2004; Damour et al. 2010). Although Allen et al. (2006) considered that fluctuation in
its value would have a negligible effect on the ET, calculation, many experimental studies disagree
with their statement on hourly, daily and seasonal scales (Steduto et al. 2003; Katerji and Rana
2006, 2011, 2014; Yan et al. 2018). This is particularly true when the crop is under well-watered
conditions, i.e. when the physiological component of rc is at its minimum. The alarming increase
of CO:z concentrations due to climate change, the physiological effects that it would have on crop
plants (Tubiello et al. 2000; Long et al. 2004; Mall et al. 2017) and the uncertainties affecting the
calculation of ET, using the FAO-PM equation, have prompted many researchers to develop other
approaches and models to estimate reference evapotranspiration, taking into account the variability
of the canopy resistance rc. Following a short discussion on the effect of rising CO2 on crops
evapotranspiration, this paper provides an overview of these different methods, delineating their

main theories and assumptions, and exploring their strengths and weaknesses.
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2.2. Effect of CO2 on crops evapotranspiration

Our planet’s atmosphere witnessed a gradual change throughout history, experiencing a wide range
of CO2 concentration. Studies suggest that this concentration may have been about 4000 to 5000
ppm some 500 million years ago (Ehleringer et al. 2005). Then, this concentration decreased to
around 1000 ppm between 35 and 55 million years ago, falling abruptly to about 390 ppm during
Oligocene by approximately 32-25 million years ago (Tipple and Pagani 2007). This decline in
CO: limited the efficiency of photosynthesis, triggering the evolution of C4 plants from ancestral
Cs species as a clever solution to the problem of low atmospheric CO.. Since the pre-industrial era,
anthropogenic greenhouse gas (GHG) emissions have been causing new increases in the
atmospheric concentrations of carbon dioxide, going from 270 ppm before 1700 to about 410 ppm
in 2020, reaching unprecedented levels in at least 800,000 years. The concentration will keep
increasing if no additional efforts are made to reduce emissions (IPCC 2014a; 2014b). These
increasing concentrations have important physiological effects on plants, e.g. faster rate of
photosynthesis, greater leaf area, increase in biomass and yield and decrease in stomatal
conductance and transpiration rate (Allen 1990; Ainsworth and Long 2004; van der Kooi et al.
2016). The latter effect has been confirmed by several experimental studies conducted in open-top
and closed-top chambers or using the Free-Air Carbon dioxide Enrichment (FACE) method (Shams
et al. 2012; Wullschleger et al. 2002). On the other hand, more biomass means more
evapotranspiration because of a higher leaf area index (LAI) (Wand et al. 1999; Piao et al. 2010),
potentially offsetting the effect of the reduction in stomatal conductance (Bernacchi et al. 2007).
However, even under experimental conditions, there is a large uncertainty in the CO. induced
change in stomatal conductance, especially when scaling from the single leaf to a full canopy where
other factors affect the whole process (Polley 2002). For example, CO. effect is significantly
different between Cs and C4 plants and between trees and smaller plants (Taiz and Zeiger 1991),
but also seems to depend on the scale of the experiment (Jarvis and McNaughton 1986; Bunce
2004). In fact, most of the existing knowledge on plants response to higher CO2 concentrations is
based on small scale research experiments conducted in open field with controlled environment.
Even if there are techniques such as FACE that allow the exposure of plants to elevated CO>
concentrations under natural and fully open-air conditions, they can be difficult and expensive to
construct and operate, which limits the inference space of these experiments with regards to the

range of global ecosystems (Norby et al. 2016). Moreover, there could be an overestimation of the
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CO. effect due to artificial ventilation and advection from outside the FACE area (Kruijt et al.
2008). Given the complexity of the effect of CO»-sensitivity of evapotranspiration on future climate
simulations and the large uncertainty in the CO> induced change in stomatal conductance under
experimental conditions (Kruijt et al. 2008), understanding plant responses to CO; is becoming
increasingly important. The following sections summarize some of the most documented rc models,
precisely those directly used or modified to account for the effect of CO2 on the evapotranspiration.
The models presented have their limitations that the authors tried to underline. However, because
the literature is limited regarding this particular topic, the primary purpose of this review was to
provide a brief reference document for researchers and the scientific community in general on the

different models developed so far and their main findings and challenges.
2.3. Description and discussion of evapotranspiration approaches accounting for CO: effect

2.3.1. Penman-Monteith method adapted to an increase in CO» concentrations

The standardized Penman—Monteith equation (FAO-PM) (Allen et al. 1998) is based on the
Penman—Monteith equation (Monteith 1965). It is the most widely used method and has been
proven to be a good ET, estimator when compared with other methods, especially for daily
computations (Chiew et al. 1995; Liu et al. 1997; Ventura et al. 1999; Jacobs and Satti 2001; Garcia
et al. 2004; Temesgen et al. 2005). For a grass reference surface and for a daily time step, this

equation is expressed as:

900
0.408A(Rn—G)+yT2m+273.u2 (es—eq)

ET, =

A+y(1+0.34u,) (2-2)
where ET, is the reference evapotranspiration (mm day™); Ry is the net radiation at the crop surface
(MJ m? day™); G is the soil heat flux density (MJ m? day™); Tam is the mean daily air temperature
at 2 m height (°C); u. is the wind speed at 2 m height (m s); es is the saturation vapour pressure
(kPa); ea is the actual vapour pressure (kPa); (es — ea) is the saturation vapour pressure deficit (kPa);
A is the slope of the vapour—pressure curve (kPa °C?) and y is the psychometric constant (kPa °C
1. The canopy resistance rc describes the resistance of vapour flow through the transpiring crop
and evaporating soil surface. It is represented in the equation above by the value 0.34 in the

denominator:
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70
034u2 = m = TC/T'a (2-3)

where r4 is the aerodynamic resistance (s m™), which describes the transfer of heat and water vapour
from the evaporating surface into the air above the canopy. For a grass reference surface, assuming
a constant crop height of 0.12 m and a standardized height for wind speed, temperature and

humidity at 2 m, ra becomes:

1, = 208/u, (2-4)

Under the same reference conditions, and knowing that the stomatal resistance rs of an actively
transpiring Cs grass leaf surface has a value of about 100 s m™, rcis represented as the following:

1y 100
T 05LAI 0.5%2.88

=69 ~70sm™1! (2-5)

e

where LAl is the leaf area index of the upper half of dense clipped grass, which is generally the
only part actively contributing to the surface heat and vapour transfer (LAl = 24 x crop height (h)
=24 x 0.12 = 2.88). Assuming that the rc = 70 s-m™! applies to a specific CO, concentration of 372
ppm, estimating a new r¢ value for higher CO> concentration provides a method to estimate possible

impacts of higher CO2 on ET,. Thus, the following form of FAO-PM equation should be adopted:

900
O.408A(Rn—G)+ym-u2(es—ea)

ETo = A+y(1+1e/1g)

(2-6)

Lovelli et al. (2010) and Snyder et al. (2011) used this method in a Mediterranean climate,
introducing in the equation published values regarding atmospheric CO. on stomatal conductance
(Ainsworth and Long 2004; Long et al. 2004a), and considering the temperature increment effect
on the reference evapotranspiration (ETo) variation. They concluded that the effect of increasing
CO2 concentration may be annulled by an increase in air temperature and subsequent increase in
evapotranspiration rate. On the other hand, Moratiel et al. (2011) found out that the CO> increase
from 372 ppm to 550 ppm would create a reduction of the ET, increment by half, from 11% to 5%
in the next 50 years, as compared to the current situation in northern Spain. By recalibrating the

canopy conductance for the widely acclaimed and recommended FAO-PM equation, this approach
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may be particularly effective in evaluating the effects of climate change on crop water use.
However, The FAO-PM model is based on the “big leaf” approximation with constant canopy
resistance, which is a simplistic assumption that could limit the accuracy of the predictions of the
model. Considering the driving meteorological variables at a particular site, estimates made with
the FAO-PM equation rely on the correct modeling of the effective values of both aerodynamic
resistance ra and canopy resistance rc. Hence, the fixed value for rc may be the cause of the tendency
for the FAO-PM method to underestimate the higher values of measured ET,, and to overestimate
the lower ET, values in semi-arid and windy areas with a high evaporative demand (Hussein 1999;
Ventura et al. 1999; Berengena and Gavilan 2005). As ra can be calculated from meteorological
conditions, in order to provide more accurate estimations of evapotranspiration using the FAO-PM
equation, it may be necessary to parameterize rc as a primary factor in the evapotranspiration
process (Monteith 1965). Canopy resistance rc is a physiological parameter with an aerodynamic
component (Alves et al. 1998). It is difficult to estimate it for different climatic and crop water
conditions, as it is influenced by solar radiation, temperature, vapor pressure deficit and soil water
content (Pereira et al. 1999; Lecina et al. 2003). Nevertheless, a simple attempt to model this
resistance may yield a better estimation when the FAO-PM equation is applied over both short and
tall crops (Pereira et al. 1999; Alves and Pereira 2000) and over other types of vegetation (Margonis
et al. 2017; Chéavez and Lopez-Urrea 2019). It could also be useful to incorporate the effects of the
resistance due to vegetation into climatic and hydrological models (Bie et al. 2015; Yang et al.
2019).

In this context, some studies incorporated a “CO>-factor” into the FAO-PM equation (Easterling et
al. 1992; Ficklin et al. 2009; Parajuli 2010; Islam et al. 2012; Wu et al. 2012; Priya et al. 2014;

Fares et al. 2015). Then, equation (1) can be rewritten as:

0.408A(R;,—G) +)/T2L-u2 (es—eq)

ET, = o’.'éiif (2-7)

A+y(1+602—factor)

where, in the denominator, a linear relationship for stomatal conductance as a function of CO; level
is introduced. It was developed by Stockle et al. (1992), and based on 80 data sets comparing leaf
conductance at 330 ppm and at 660 ppm of CO. concentration for a wide range of species including

Cz and C4 crops:

21



Chapter 2

co
where gcoz is the leaf conductance modified to reflect CO, effects (m s2); g is the conductance
without the effect of CO, (m s™); CO is the actual atmospheric CO, concentration (ppm) and 330

represents the baseline atmospheric CO> concentration (ppm). The new r¢ is as follows:

rp=——— (2-9)

" 9c0,% 0.5 LAI

The “COz-factor” is based on experimental observations of a 40% linear decrease in stomatal
conductance between 330 and 660 ppm CO- concentrations (Morison and Gifford 1983). Islam et
al. (2012) incorporated this model in the FAO-PM equation to evaluate the effects of possible future
anthropogenic climate change on ET,. Results of the different simulation studies showed an
increase in ET, with changing climate, but the impact of increasing temperatures was almost offset
by increasing CO> levels. In fact, sensitivity analysis showed that the effect of a 1°C rise in
temperature was offset by an increase in CO> levels up to 450 ppm, whereas the effect of a 2°C
temperature rise was offset by CO> concentrations of 660 ppm, thus in close agreement with results
found by Priya et al. (2014) using the same model. Authors pointed out that, due to its linearity,
this “CO2- factor” is only valid in the range of 330 to 660 ppm. For CO, concentrations beyond
660 ppm, factors for specific crops reported by Allen (1990) were used. The same remark was
made by Ficklin et al. (2009) when increasing CO2 concentration to 970 ppm and temperature by
6.4 °C caused watershed-wide average evapotranspiration, averaged over 50 simulated years, to
decrease by 37.5%, resulting in an increase of water yield by 36.5%. They explained that the linear
assumption of eq. (2-8) means that it is suitable for all plant species, which may lead to an
overestimation of the aforementioned reduction in ET, in the presence of multiple types of land
cover. They concluded that because of this broad simplification of the effects of CO2 on plant
growth, their analysis was still too uncertain for water management purposes. The presumed
overestimation of ET, is because this “CO»-factor” is based on the assumption that a doubling of
CO2 concentration would lead to a general decrease of 40% in stomatal conductance (Morison
1987) irrespective of the land cover type. This reduction of conductance is assumed to be linear
over the entire range of CO concentrations between 330 ppm and 660 ppm (Morison and Gifford
1983). To overcome this issue, Wu et al. (2012) proposed an optimized equation:

geo, =g [ +p) —p “9/33] (2-10)
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where p is the percentage decrease in leaf conductance specific to vegetation types (Authors
provided different values in their study). The modified equation inherently gave a better
representation of this increasing CO> effects than the original equation by incorporating the CO>

effects dynamically in more process-based details.

Olioso et al. (2010) suggested multiplying the FAO-PM ET, by another factor F to correct the daily
values of reference evapotranspiration taking into account the effect of higher CO2 concentrations.
This factor was derived from evapotranspiration simulations of the ISBA-A-gs model (Calvet et
al. 1998) at different CO- levels, and used in different studies (Martin et al. 2011; Lardy et al. 2012;
2014; Salmon-Monviola et al. 2013; Katerji et al. 2017):

F = 1.1403 — 3.8979 x 10™* x [CO,] (2-11)

The value of F is approximately 1 when the mean annual value of the air CO, concentration is
equal to 370 ppm. F decreases or increases when the CO- concentration is higher or lower than this
threshold. For example, the decrease in ET, is approximately 8 and 20 % when the CO>
concentration reaches 550 and 900 ppm, respectively (Olioso et al. 2010). The factor is also based
on a linear relationship between the decrease of ET, and the increase of the CO. concentration,

which raises the same concerns previously discussed.

According to Katerji et al. (2017), the issue of the approaches mentioned above is that they are
insufficient to adapt the FAO-PM equation to the increasing concentrations of CO2. These solutions
always consider the resistance rc to be constant by neglecting its reliance on climatic variables,
which means that rc parameterization is required to reduce the difference between the directly

measured ET, values, and those estimated using the FAO-PM model.

2.3.2. Penman-Monteith method with variable canopy resistance models

2.3.2.1. Jarvis Model

Jarvis model is a phenomenological and multiplicative empirical model that interprets field
measurements of stomatal conductance gcoz in relation to environmental variables. It calculates
gco2 by multiplying the maximum conductance gmax, Which is a value which represents the highest
g recorded under optimal conditions (Korner et al. 1979), with a number of empirical response
functions, including one for CO-sensitivity, and it is assumed that each variable acts independently
(Jarvis 1976; Whitehead 1998):
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9co, = 7 = Gmax F(DF T (CIf (VPDIF(¥) (2-12)

where | is the absorbed photosynthetic photon flux density (umol m? s), Ta is the air temperature
(°C), Ca is the CO2 concentration (ppm), VPD is the Vapour Pressure Deficit (kPa) and ¥ is the

soil water potential (Pa).

Same as the aforementioned models, Jarvis model is also based on a linear function between the
stomatal conductance gco2 and atmospheric CO2. In fact, Jarvis (1976) concluded that gco2
decreased linearly when the increase in CO. concentration is within the range of 100-1000 ppm,
and that it stays constant when the CO. concentration is <100 ppm or >1000 ppm. Also, equation
(12) may underestimate gco2 when relative humidity (RH) is high because it correlates gcoz linearly
to RH (Wang et al. 2009). In this case, a nonlinear function of RH or VPD may reduce the bias
(Leuning 1995; Wang et al. 2009). Nevertheless, Jarvis model has been used in different forms in
many studies (Hanan and Prince 1997; Gharsallah et al. 2013; Zhang et al. 2016; Zhou et al. 2019).
In the east coast region of North America, elevated atmospheric CO was found to reduce ET at a
rate of 0.84 mm y! between 1901 and 2008 when calculating stomatal conductance with a Jarvis-
type equation in the Dynamic Land Ecosystem Model (DLEM) 2.0 (Yang et al. 2015). Using the
same model in a global scale, Pan et al. (2015) concluded that increasing atmospheric CO2 will
lessen the positive effect of warming temperature and increasing precipitation on ET by the end of
the 21% century. Medlyn et al. (2001) analyzed data from 13 long-term (>1 year) field-based studies
of the effects of elevated CO2 concentration (350 ppm and 700 ppm) on European forest tree
species by fitting data to two models namely Jarvis and Ball (Ball et al. 1987). Their meta-analysis
indicated a significant decrease (21%) in stomatal conductance in response to growth in elevated
COz concentrations across all studies, resulting in a decrease of ET. Some authors think that another
limit of the Jarvis model is that each response function has to be adjusted to the data to be able to
provide good predictions for any type of vegetation, since they are specific for only certain crops
and climate conditions and they cannot be used for general purposes (Yu and Wang 2010).
Consequently, a site-specific calibration of the empirical response functions becomes necessary.
Another criticism formulated against this approach is that the knowledge of stomatal resistance rs
alone may not be sufficient to calculate ET because the FAO-PM equation requires rc. Hence, the
upscaling of rs to the canopy level is required to calculate re, which could be quiet challenging
(Irmak et al. 2008). Besides, Alves and Pereira (2000) questioned the validity of the multiplicative

24



Chapter 2

model because it only includes the physiological component of rc but not the aerodynamic

component ra and because of the assumption of environmental variables acting independently.
2.3.2.2. Katerji and Perrier (KP) model

Based on the fact that r¢, for well-watered crops, varies during the day with different climatological
variables, Katerji et al. (1983) suggested a new semi-empirical procedure to determine both
resistances rc and ra by applying the Buckingham n-theorem (Kreith and Bohn 2001). They
established a linear relationship between the canopy resistance rc and the climatic resistance r*
(Monteith 1965):

/Ty =ar*/ry+Db (2-13)

where a and b are empirical calibration coefficients which vary with crop type but not with site
(Rana et al. 1998). Parameter values for a few crops were provided by Katerji and Rana (2014). r*
(s m?) is represented by the following equation:

* AﬂpCpD -
=3 %G (2-14)

where p is the air density (kg m=), C, the specific heat of moist air (J kg™ °C*) and D is the vapor
pressure deficit (VPD) (kPa).

However, this model still does not take into account the impact of the air CO2 concentration value
on the resistance rc. After incorportating their model into the FAO-PM equation (PM-KP), Katerji
et al. (2017) used a CO> correction factor (Olioso et al. 2010) with the PM-KP equation to compare
it to the standard Penman- Monteith method (FAO-PM) with a fixed rc value. PM-KP yielded better
performances in forecasting the ET, directly measured by weighing lysimeters during the summer
season for the measured period (1986-2006) in Apulia region in southern Italy (Katerji et al. 2017).
The results demonstrated that the FAO-PM formula underestimated the measured ET, values by

20 %, whereas the underestimation is only 3 % for the PM-KP formula.

This semi-empirical KP approach has been widely used in the subsequent literature (Peterschmitt
and Perrier 1991; Alves and Pereira 2000; Lecina et al. 2003; Steduto et al. 2003; Pauwels and
Samson 2006; Liu et al. 2012; Margonis et al. 2017). However, one of its main limitations is the
need for a specific calibration, even if it can be unnecessary under certain circumstances (Rana et
al. 1998; 2001; Katerji and Rana 2008). Furthermore, Gharsallah et al. (2013) insisted that the
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model’s performance would probably be improved calibrating the a and b parameters for the main
phenological phases of crops, making the use of this model even more complicated. A second
limitation is the fact that it depends on the temporary value of the Bowen ratio £, which is not
readily available (Perez et al. 2006). Besides, the KP model seems to fail under irrigated conditions

in semiarid to arid regions (Allen et al. 2006).

2.3.2.3. Modified Makkink equation

Makkink model (Makkink 1957) is a simple empirical method for ET, estimation that uses only

temperature and radiation parameters:

S

ET, =« TG

(2-15)

where K| is the incoming short-wave (global) radiation (W m™), 1 is the latent heat of vaporization
of water (J kg?), S is the temperature-dependent gradient of the saturated vapour pressure curve
(Pa K1) and « is an empirical coefficient (= 0.65).

This formula does not take into consideration the effects of CO>. To fix that, Kruijt et al. (2008)
multiplied eq. (2-15) with a correction factor c:

= SgXSr X FrXAco; (2-16)
Sg = (dg/g)/dC0; (2-17)
Sr = (dT/T)/(dg/9) (2-18)

where g is the stomatal conductance (mol m2s?), S is the sensitivity of g to CO (ppm™), St is the
relative sensitivity of transpiration T to g (kg m? s'), Fr is the transpiration share of

evapotranspiration and 4co2 is the change in atmospheric CO> concentration (ppm).

After parametrizing Sg, St and Fr based on the literature, Kruijt et al. (2008) provided correction
factors applied to a projected additional increase of atmospheric CO2 concentrations in 2050 and
2100 by 150 and 385 ppm respectively for various vegetation categories. Results of their study
suggest that direct effects of CO> reducing evapotranspiration can be expected to be moderate, up
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to 5% in the coming 50 years and up to 15% by 2100. Applying their methodology in Central and
Eastern Europe resulted in a decrease in reference evapotranspiration rates compared with runs that
did not consider increases in CO> levels (Eitzinger et al. 2013). Similarly, Huntington et al. (2016)
concluded that crop evapotranspiration is projected to increase in all basins of Western United
States, especially areas where perennial crops are grown, and with smaller increases in areas where

annual crops are grown.

Based on the extensive number of manuscripts on the topic reviewed by the authors, there is an
abundance of models with a modified canopy resistance r¢ (e.g. Shuttleworth and Wallace 1985;
Massman 1992; Stannard 1993; Todorovic 1999; Irmak and Mutiibwa 2010). However, very few
of them took in consideration the change in atmospheric CO2, hence the small number of models
discussed in this study. This is essentially because when the time span of the research is short, the
change in atmospheric CO> concentration is very small and is generally ignored (Zhang et al. 2008;
Li et al. 2014). Furthermore, some of these models were not even incorporated into the FAO-PM
equation to estimate ET responses to increased CO> concentration (e.g. (Ball et al. 1987; Wang and
Wen 2010). The main issue with the previously reviewed models is that the relationship between
stomatal conductance and CO> concentration is assumed to be a simple linear one, which is an
assumption only valid within the limited range of 330-660 ppm (Li et al. 2019). In fact, those
models rarely went beyond that range where data are better fitted with a nonlinear curve. This
observation is consistent with the findings of Heath and Russel (1954), Morison and Gifford (1983)
and Wang and Wen (2010). Thus, it is crucial and indispensable to validate the accuracy and
reliability of these models when applying them into the FAO-PM equation especially when the
CO2 concentration is higher than 660 ppm, and to choose the appropriate one to improve the
estimation of ET under elevated CO2 concentration. Although some studies applied modified
simple empirical equations, such as Makkink (Kruijt et al. 2008) and Priestley-Taylor (Rosenzweig
and Iglesias 1998; Hatch et al. 1999; Strzepek et al. 1999) to account for the vegetation responses
to an elevated atmospheric CO», the FAO-PM method has been always considered to be the most
reliable one for various climatic conditions due to its physically based characteristic with
incorporating both physiological and aerodynamic parameters (Xu et al. 2006). However, its use
of a fixed canopy resistance of 70 s m™ is perceived as weakness, as surface resistance may change
with climate and weather parameters, variation in day length, or differences between daytime and

nighttime wind (Pereira et al. 1999). In fact, this fixed rc hypothesis has not been verified in
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experimental trials carried out on irrigated grass surfaces which underlined significant variations
in the canopy resistance rc on daily and seasonal scales (Rana et al. 1994; Lecina et al. 2003;
Steduto et al. 2003; Katerji and Rana 2006; Perez et al. 2006). The same criticism applies to the
models discussed above since they are replacing the constant daily values of the grass rc with
different but always constant values or using a simple correction factor with the FAO-PM formula,
which could be because of the complexity of the canopy resistance modelling (Katerji and Rana
2006).

2.4. Conclusion

This paper provides an overview of surface resistance models found in literature that included the
effect of CO2 on crop evapotranspiration. The paper reports a brief explanation of the main theories
and assumptions involved in the models’ development and underlines their main characteristics.
Using these models would help improving the accuracy of ET estimations. Yet, modeling canopy
resistance is a difficult task as its value depends on vegetation type, climate, plant architecture and,
in water scarcity conditions, on plant and/or soil water status (Shuttleworth and Gurney 1990). This
complexity caused the dissimilarity in results when using some of the aforementioned models in
this review, which is also due to the conflicting effect that increase in CO> concentration has with
increase in temperature. Hence, there is still a need to enhance the robustness of the resistance
modeling procedure in order to be applied to different crops under different climatic conditions and
under diverse future climate change scenarios. Actually, the great bulk of studies carried out on
canopy resistance modelling compared the performance of these models with that of the FAO-PM
approach or with different models for estimating ETo, and very few researchers have actually
attempted to estimate future changes in ET, based on projected climate change scenarios and
estimates of increased CO> concentrations. Furthermore, many models were not even tested with
the FAO-PM equation, justifying Yang et al. (2019) statement that many present climate models
do not account for vegetation responses to an elevated atmospheric COz, thus seriously questioning

the claim of ‘warming leads to drying’ in earlier studies.

We note in conclusion that there is a growing need for improved surface resistance models, that
may simulate better the changes in stomata physiological responses, thus enhancing the accuracy,

reliability and applicability of ET estimates.
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3. Impacts of Climate Change and Rising Atmospheric CO2 On Future

Projected Reference Evapotranspiration in Emilia-Romagna (Italy)
Abstract

The continuous increase of atmospheric CO» content mainly due to anthropogenic CO> emissions
IS causing a rise in temperature on earth, altering the hydrological and meteorological processes
and affecting crop physiology. Evapotranspiration is an important component of the hydrological
cycle. Thus, understanding the change in evapotranspiration due to global warming is essential for
better water resources planning and management, and agricultural production. In this study, the
effect of climate change with a focus on the combined effect of temperature and elevated CO>
concentrations on reference evapotranspiration (ET,) was evaluated using the Penman-Monteith
equation. A EURO-CORDEX regional climate model (RCM) ensemble was used to estimate ET,
in five locations in Emilia-Romagna region (Northern Italy) during the period 2021-2050. Then,
its projected changes in response to different CO> concentrations (i.e. 372 ppm and 550 ppm) under
two Representative Concentration Pathways (RCP) scenarios (i.e. RCP4.5 and RCP8.5) were
analyzed. Simulation results with both scenarios, without increasing CO: levels (372 ppm), showed
that the annual and summertime ET, for all locations increased by an average of 4% to 5.4% with
regard to the reference period 1981-2005, for an increase of air temperature by 1 °C to 1.5 °C.
When the effect of elevated CO levels (550 ppm) was also considered in combination with
projected changes in temperature, changes in both annual and summer ET, demand for all locations
varied from -1.1% to 2.2% during the 2021-2050 period with regard to the reference period 1981-
2005. This shows that higher CO2 levels moderated the increase in ET, that accompanies an

increase in air temperature.

Keywords: Penman Monteith equation; Evapotranspiration; CO» effect; Stomatal resistance;
CORDEX RCM; Climate change.

3.1. Introduction

The increase of anthropogenic emissions of carbon dioxide (CO2) and other radiatively active
gases, due to activities such as fossil fuel combustion and deforestation, are one of the most
prominent causes of climate change (Hamza et al. 2020). The relentless rise of CO> concentrations

will most probably influence water fluxes and resources at both local and global scales (Haddeland
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et al. 2014). This effect will be intensified by the projected increases in global surface air
temperature (IPCC 2013) leading to an uneven distribution of water resources and causing several
problems in water availability (Estrela et al. 2012; Boehlert et al. 2016; Akbarpour and Niksokhan
2018). This is especially true in the Mediterranean region as it has shown large climate shifts in the
past and it has been identified as one of the most prominent “Hot-Spots™ in future climate change
projections, with an expected greater than average warming, mostly in summer, and an increase of
heat waves and dry spells (Olesen and Bindi 2002; Giorgi and Lionello 2008). Similar conclusions
were drawn on a smaller scale in Northern Italy and Emilia Romagna region. The future projections
constructed at local scale through statistical downscaling techniques in the framework of different
emission scenarios indicate that significant changes in temperature are very likely to occur during
all seasons. A shift of the probability distribution functions to warmer values is projected for both
minimum and maximum air temperature. The shift will be more noticeable in summer, when the
changes of mean values are expected to be about 2.5 °C in the 2021-2050 period (with respect to
1961-1990) (Tomozeiu et al. 2007, 2014). These changes are projected to became more pronounced
toward the end of the century. To better understand the effect of climate change on the hydrological
cycle, evapotranspiration is widely used as it is the only link between the energy balance and water
balance (Wang et al. 2020). Evapotranspiration represents the simultaneous processes of transfer
of water to the atmosphere by transpiration and evaporation in a soil-plant system (Allen et al.
1998). In particular, reference evapotranspiration (ETo) is an important hydrological variable for
irrigation water management and hydrological modeling (Immerzeel and Droogers 2008; Pereira
et al. 2020). Since the agricultural sector accounts for 70% of freshwater withdrawals (Kummu et
al. 2012) and around 90% of global freshwater consumption (Wada et al. 2012), improved
understanding of changes in evapotranspiration is essential for dependable projections of global
freshwater availability under conditions of climate change. An increase in air temperature is known
to cause an increase in crop water requirements because it tends to stimulate plant transpiration
(Allen et al. 2003), hence decreasing water use efficiency (WUE). This is mainly due to a decrease
in leaf photosynthesis and an increase in stomatal conductance to water vapor (Kirschbaum 2004).
Additionally, higher temperatures, especially when combined with lower precipitation, would raise
the irrigation requirements of crops (D6ll 2002; Moreno et al. 2005), alter the length of the growing
season (Menzel and Fabian 1999; Linderholm 2006) and negatively affect crop yield (Lobell and
Field 2007). On the other hand, the increase in CO2 concentration has opposite physiological effects
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on plants, e.g. faster photosynthesis rate, greater leaf area, increase in biomass and yield, and
decrease in stomatal conductance and evapotranspiration rate (Allen 1990; Ainsworth and Long
2004; van der Kool et al. 2016), which could offset the consequences of air temperature increase.
However, the magnitude of this effect is uncertain and still controversial within the scientific
community (Allen 2000; Long et al. 2005; Tubiello et al. 2007) because evapotranspiration is a
complex and nonlinear phenomenon depending on several other interacting factors such as
humidity, wind speed, radiation, and type and growth stage of crops (Polley 2002). The impact of
the interaction of these different factors on evapotranspiration was assessed using a modification
of the standardized (FAO-PM) Penman—Monteith equation (Allen et al. 1998) by Snyder et al.
(2011) and Moratiel et al. (2011). They adjusted the stomatal resistance factor (the reciprocal of
stomatal conductance) to account for an increase in CO2 concentration (Lovelli et al. 2010). Other
approaches could also be used in association with the FAO-PM equation (Ben Hamouda and
Ventura 2020). However, they are either more complex or insufficiently tested. The main issue
with the Penman Monteith equation is data availability and the difficulty to access to these data,
especially in Italy were weather monitoring networks are managed by regional and national
services, without a common data sharing policy and data distribution platform (Pavan et al. 2013;
Pelosi et al. 2020). This prompted researchers to look for alternative ways for obtaining the input
data: estimation (de Carvalho et al. 2013; Cérdova et al. 2015), weather forecast (Cai et al. 2007;
Silva et al. 2010; Lorite et al. 2015), satellite imagery (Montero et al. 2018), remote sensing
(Teixeira 2010), a combination of remote sensing and machine learning (Zhang et al. 2018),
artificial neural networks (ANNSs) (Kumar et al. 2002), fuzzy and neuro-fuzzy systems and genetic
algorithms (Kisi and Cengiz 2013; Shiri et al. 2012). Another alternative choice is using reanalysis
data. Climate reanalysis combine past observations with models to generate consistent time series
of multiple climate variables, providing comprehensive snapshots of conditions at regular intervals
over long time periods often years or decades (Parker 2016). The main advantages of reanalysis
products is their spatial and temporal resolution consistency over three or more decades, the large
quantity of variables available and the continuous improvements of their model resolution and
biases (Schubert et al. 2008; Dee et al. 2016). This is why reanalysis products are among the most-
used datasets in the study of weather and climate (Fuka et al. 2014; Essou et al. 2017; Bhattacharya
et al. 2019; Uniyal et al. 2019; Luo et al. 2020). However, few studies compared ET, computed
using reanalysis data with observed ET, data (Yao et al. 2014; Martins et al. 2017; Tian et al. 2018).

"32



Chapter 3

The aim of this study is to assess the effect of future climate, with focus on evapotranspiration
(ETo), in Emilia-Romagna (Northern Italy) over the 2021-2050 period and under different emission
scenarios. We use two Representative Concentration Pathway scenarios (RCPs) and three Regional
Climate Models (RCMs). ET, is first evaluated using reanalysis data as an alternative to
observations. Then, the bias-correction of the different RCMs is performed. Finally, changes in

ETo under different RCPs with or without the effects of elevated CO: levels are evaluated.
3.2. Methodology

3.2.1. Study area

Emilia-Romagna is an administrative region located in Northern Italy, between 43° 80" and 45° 10’
N, and 9° 20" and 12° 75" E. Agriculture is an important sector in the region: within the total area
of 22 452 km?, 10 642 km? are devoted to agriculture (Regione Emilia-Romagna 2010). Climate
in the region is mainly influenced by a variable geomorphology, represented by the Po River in the
North, the Adriatic Sea in the East and the Apennines Mountains to the South. The Képpen- Geiger
climate classification indicates a temperate fully humid climate with hot summers (Cfa) in the
North, central, and northeastern plain areas, and fully humid climate with warm summers (Cfb) in
the mountain and highlands areas, especially in the South and South-West (Kottek et al. 2006). The
locations of the five agrometeorological stations selected for this study and their details are shown
in Figure 3-1 and Table 3-1. The choice of these stations is based mainly on their data availability
and their representativeness of the regional territory.
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Fig. 3-1. Location of the agrometeorological stations considered in this study

Table 3-1. Description of the agrometeorological stations

Station Latitude Longitude Elevation (m) Location

) Central Emilia-Romagna plain
Cadriano 44°32'59.99'N  11°23'59.98"E 31 o
(University of Bologna)

Southeastern Emilia-Romagna

Martorano 44°9'58.10" N 12°16'4.71"E 19 )
plain
San . ]
) 44°48'29.02"N  10°16'20.82"E 55 Western Emilia-Romagna plain

Pancrazio
San Pietro Central Emilia-Romagna plain

. 44°39'13.59"N  11°37'21.50"E 6 )
Capofiume (The Reno basin)
Volano 44° 48' 46.32" N 12°15'1.32"E 0 Coastal area

3.2.2. Climate data

3.2.2.1. Reanalysis data

Since it is difficult to find continuous observed dataset long enough to make climatological
estimates of ET,, it was decided to evaluate it starting from hourly ERA5-Land reanalysis data

downloaded from the Copernicus Climate Data Store (Copernicus CDS)
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(https://cds.climate.copernicus.eu). ERAS5-Land is a reanalysis dataset developed by the
Copernicus Climate Change Service (C3S) at the European Centre for Medium-Range Weather
Forecasts (ECMWF), providing a consistent view of the evolution of land variables over several
decades at 9 km resolution, which is an enhanced resolution compared to ERA5 (31 km). ERA5-
Land has been produced by replaying the land component of the ECMWF ERA5S climate
reanalysis. The core of ERAS5-Land is the Tiled ECMWF Scheme for Surface Exchanges over Land
incorporating land surface hydrology (H-TESSEL). Reanalysis data and specifically ERA5 and
ERAS5-Land give satisfactory results when compared with observations (Ben Hamouda et al. 2019;
Mahto and Mishra 2019; Tarek et al. 2020; Pelosi et al. 2020).

ERA5-Land data are produced with an hourly time-step from 1981 to present. The 25 years
between 1981-2005 will be used as reference period. Extracted data for that period include mean
2m air temperature (K), mean 2m dew point temperature (K), mean downward surface solar
radiation (J m2), and mean 10m u and v components of wind (m s*). The retrieved 10 m wind

speed components were adjusted for a 2 m height using a logarithmic wind speed profile (Allen et

al. 1998), then wind speed was calculated as: WS = vu? + v2. Maximum and minimum air

temperature were transformed to °C. All data were aggregated to a daily timescale.
3.2.2.2. Observed data

Observed data for the different meteorological variables needed for the calculation of ET, for the
reference period 1981-2005 were not available or incomplete. Since data were only available for
the period 2008-2018 for the five agrometeorological stations, they were hence used only for
validation purpose. Data for the stations of Martorano, San Pancrazio, San Pietro Capofiume and
Volano were made available by the “Regional Agency for Prevention, Environment and Energy of

Emilia-Romagna” (Arpae) via their Dext3r application (https://simc.arpae.it/dext3r). Data include

daily mean 2 m air temperature (°C), daily mean relative humidity (%), hourly mean global solar
irradiance (W m2) and daily mean 10 m wind speed (m s%). The August-Roche-Magnus (Lawrence
2005) approximation was used in order to compute the dew point temperature from the mean
relative humidity and air temperature. The retrieved 10 m wind speed was adjusted for 2 m height.
The same meteorological variables were also available at an hourly basis from the
agrometeorological station of the Department of Agricultural and Food Sciences of the University

of Bologna (Distal), installed at the experimental farm of Cadriano (Bologna). The only difference
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is that mean wind speed data were measured at 2 m height. Finally, all hourly data were aggregated

to a daily timescale.
3.2.2.3. Euro-Cordex climate projections

To study the future changes in ET,, we used data made available by EURO-CORDEX Regional
Climate Models (RCMs) with a daily time step. In particular, data from three regional models were
used, RCA4 (Christensen et al. 2007), RACMO22E (Van Meijgaard et al. 2008) and HIRHAMS5
(Samuelsson et al. 2015), with a horizontal resolution of 0.11° (12 x 12 km). EURO-CORDEX is
the European branch of the international CORDEX initiative, which is a program sponsored by the
World Climate Research Program (WRCP). It is the largest ensemble of RCM simulations covering
all of Europe (Jacob et al. 2014). The choice of the RCMs was mainly based on the availability of
the data necessary for the calculation of ET,. Data were extracted from Copernicus CDS for the
reference period 1981-2005 and the future period 2021-2050, and for two Representative
Concentration Pathways RCP4.5 and RCP8.5. Representative Concentration Pathways (RCPs)
were defined by the Intergovernmental Panel on Climate Change (IPCC) for its 5™ Assessment
Report (AR5) to provide time-dependent projections of atmospheric greenhouse gas (GHG)
concentrations based on socio-economic scenarios of how global society grows and develops (van
Vuuren et al. 2011). RCP4.5 was developed using the MiniCAM model (Thomson et al. 2011) and
represents a future where climate policies limit and achieve stabilization of greenhouse gas
radiative forcing to 4.5 W m by 2100, while RCP8.5 was developed using the MESSAGE model
(Riahi et al. 2011) and is called a business-as-usual scenario, where high emissions of greenhouse
gases continue as no policy changes are taken to reduce emissions. Daily data were downloaded
from the Copernicus-CDS portal for the entire available period of 25 years from 1981 to 2005.
Data include 2 m mean air temperature (K), 2 m mean relative humidity (%), surface solar
downward irradiance (W m2) and 10 m wind speed (m s). Dew point temperature was calculated
using the August-Roche-Magnus approximation and the 10 m wind speed was adjusted for 2 m
height.

3.2.3. The Penman-Monteith model

Reference evapotranspiration (ET,) is the ET estimate from a standardized hypothetical crop
having fixed height, albedo and canopy resistance (Allen et al. 1998). In this study, daily ET, (mm
day) was computed using the FAO-Penman Monteith equation (FAO-PM):
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900

0.408A(R;,—G)+y: uz(es—eq)

_ Tom+273 _
ET, = A+y(1+0.34uy) (3-1)

where:

Rn net radiation at the surface (MJ m2 day™);

G soil heat flux density (MJ m?day™);

Tom mean daily air temperature at 2 m height (°C);
uz wind speed at 2 m height (m s2);

es saturation vapour pressure (kPa);

ea actual vapour pressure (kPa);

(es—ea) saturation vapour pressure deficit (kPa);

A slope of the vapour—pressure curve (kPa °C™);
y psychometric constant (kPa °C%).

To modify the CO- concentration in the FAO-PM equation, it is possible to estimate a new canopy
resistance rc value (Snyder et al. 2011; Ben Hamouda and Ventura 2020), which is represented in

the equation above by the 0.34 in the denominator:

70

0.3411,2 = M

=1/, (3-2)

where ra is the aerodynamic resistance to sensible and latent heat transfer (s m™). The stomatal
resistance rs of an actively transpiring Cs grass leaf surface has a value of about rs = 100 s m™.
Using a leaf area index (LAl = 24 x crop height (h) = 24 x 0.12 = 2.88) and, assuming only half of
the LAI contributes to transpiration, the canopy resistance for 0.12 m tall C3 species grass rc is

calculated as:

n=—tr =% _69~70sm? (3-3)
0.5LAI  0.5x2.88

The canopy resistance value of 70 sm™ in the FAO-PM equation is assumed to apply to a CO>
concentration of 372 ppm. Thus, to estimate possible impacts of higher CO2 concentrations on ETo,
re is modified using the following form of the FAO-PM equation:
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0.408A(Rp—G)+Y: 209 uz(es—eq)

_ Tom+273 _
ETO - Ay (L+1c/79) (3 4)

According to Long et al. (2004), stomatal conductance of many C3 plants grown in Free-Air CO>
Enrichment (FACE) experiments decreased about 20% when the CO2 concentration was increased
from 372 to about 550 ppm for about 200 independent measurements. Assuming this is true for the
stomatal conductance of 0.12 m tall Cs species grass with a stomatal resistance of 100 s m™, the
stomatal conductance for Cs grass should decrease from about 10 mm s to 8 mm s, which
corresponds to rs = 125 s m™. Using the same approach used to calculate r¢ in eq. (3-3), the rc for
550 ppm is calculated as:

T, 125 -
T, =——= ~87sm™} (3-5)
0.5LAI _ 0.5x2.88

Thus, increasing CO2 concentration from 372 to 550 ppm should increase canopy resistance of 0.12

m tall C3 grass from 70 to 87 s m™.

Reference evapotranspiration was calculated using daily data and then aggregated to annual and
summer (June to August) values, since the latter is the most important season for agriculture and

irrigation purposes in the Northern Hemisphere.

3.2.4. Data evaluation

3.2.4.1. Performance indicators

The performance of the reanalysis and RCMs data was evaluated at each agrometeorological
station using the root mean square error (RMSE) and the (Bias) as statistical indicators, which are

calculated as follows:

Bias = =¥ (A; — By) (3-6)

RMSE = \EZMAL- — B;)? 3-7)

Where ‘4’ is any of the model simulated data, ‘B ‘is any of the reference data, ‘i ‘ is the day number
and ‘n’ the number of examined days. A small RMSE, indicates that the difference between the

simulated and reference data is small and the closer the Bias is to zero indicates a good simulation.
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A positive Bias means that there is an overestimation, and a negative Bias means that there is an

underestimation.
3.2.4.2. RCMs bias-correction

RCM simulations are subject to possible biases that are mostly due to parameterization of sub-grid
processes, limited representation of local features, incorrect boundary conditions and differences
between spatial resolutions of the simulations and observations (Benestad 2010; Ehret et al. 2012).
To minimize these biases, the quantile mapping technique (QM) was employed to bias-correct air
temperature, wind speed, solar radiation and dew point temperature data extracted from the three
Euro-Cordex RCMs, for both the historical and future period, using ERA5-Land data as reference.
ET, calculated using raw weather variables was also bias-corrected as this direct bias-correction
gave slightly lower RMSE and Bias than ET, calculated using the bias-corrected weather variables.
The QM approach has become increasingly popular and widely used because of its efficiency and
low computational cost (Fang et al. 2015; Sun et al. 2019; Pastén-Zapata et al. 2020; Torma et al.
2020). For this purpose, the full calibration period 1981-2005 is considered. This means that
evaluation and validation period are identical, and no independent cross-validation exercise is
carried out. The latter was covered by previous works e.g. (Ivanov and Kotlarski 2017; Gutiérrez
et al. 2019) which revealed that QM, in general, performs well in a historical cross-validation

setting with independent calibration and validation periods (Feigenwinter et al. 2018).
3.2.4.3. Taylor diagram

In addition to computing the mean Bias and RMSE, the degree of correspondence between the raw
and bias-corrected RCM simulations and reanalysis outputs can be quantified and illustrated
schematically in the form of a Taylor diagram (Taylor 2001). These diagrams are especially useful
in evaluating multiple aspects of complex models or in gauging the relative skill of many different
models (Yin et al. 2016; Tegegne and Melesse 2020; Torma et al. 2020). The performance of the
different models is evaluated by comparing their correlation (R), centered root-mean-square
difference (cCRMSD) and the amplitude of their variations represented by their standard deviations
(StDev, and StDevs):

R — ZII:V=1(XS_X_S)'(XO_X_O) (3-8)

(R T2 5 (T2
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1yn v 7212
cRMSD = {231, [(X, - %5) — (X - KT} (3-9)
StDev, = =TI (X, — X,)? (3-10)
StDev, = ~ ¥, (Xs — X,)? (3-11)

where X, is the observed value, Xs is the simulated value, Xo is the average of the observed value,

Xs is the average of the simulated value, and N is the number of values.

For each model, the three aforementioned statistics are plotted: (1) the Pearson correlation
coefficient (R), which is related to the azimuthal angle, (2) the centered RMS difference (cCRMSD)
in the simulated field, which is proportional to the distance from the point on the x-axis (black
contours) that is identified as “observed” (represented by a black circle), and (3) the ratio of
standard deviation derived from the RCM simulations against the observations, which is
proportional to the radial distance from the origin (red contour). The colored symbols represent the
different RCM simulations where the color refers to the RCM and the different symbols represent
the raw and bias-corrected daily ET, means. Simulations that agree well with observations will lie

nearest the reference point on the x-axis.

Finally, the different steps followed by the methodology in this study are summarized in the flow

chart of Figure 3-2.
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Fig. 3-2. Flowchart of the proposed methodology used to assess future reference

evapotranspiration, using the FAO-PM equation and historical/future data.
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3.3. Results and discussion

3.3.1. Validation of the ERA5-Land reanalysis with observed data

The performance of the reanalysis and the observed data of four climatic variables, i.e. mean air
temperature (Tmean), SOlar radiation (Rs), mean dew point temperature (Tqew) and mean wind speed
(WS), along with ET,, calculated using these variables in the validation period 2008-2018 (4018
days), were evaluated at each agrometeorological station using the root mean square error RMSE
and the Bias as statistical indicators. Results are shown in Table 3-2. For all stations, Tmean, Tdew
and WS RMSE and Bias are less than 20% of the observed values and the coefficient of
determination R? is higher than 0.5. For Rs, RMSE and Bias are slightly higher but less than 30%

with a minimum R? of 0.8.

Looking at ET, performance in Table 3-2, it is clear that ERA5-Land slightly underestimates ET,
in most locations, with Bias values ranging between -0.8 and 0.03 mm d*, a minimum RMSE of
0.2 mm d* and a maximum RMSE of 1.2 mmd. This could be due mainly to the effect of the solar
radiation underestimation especially because it was demonstrated that solar radiation errors have a
high impact on the estimated evapotranspiration (Perera et al. 2014; Pelosi et al. 2016).

Table 3-2. Performance indices calculated for the reanalysis data with respect to observed data in
the period (2008-2018).

) Tmean(°C) Taew(°C) Rs(MJd'm? WS (ms?) ETo (mmd?)
Station RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias
Cadriano 0.7 0.2 3.1 -2.7 59 -3.9 0.5 0.1 0.2 0.03
Martorano 0.6 0.3 1.8 -1.7 6.8 -5.8 0.2 -0.1 0.9 -0.6
San Pancrazio 0.7 -0.1 1.9 -1.7 7.5 -6.4 0.3 -0.2 1.2 -0.8
San Pietro
Capofiume 1.1 1.0 2.1 -1.9 7.8 -6.7 0.3 -0.2 0.8 -0.5
Volano 1.7 1.3 25 -0.1 6.7 -5.7 1.2 11 0.6 -0.1

For all stations, both RMSE and Bias are lower than 30% of the ET, from observations, while the
minimum R? is around 0.8. Martins et al. (2017) considered an ET, RMSE lower than 0.8 mm d*

satisfactory when they compared ET, from reanalysis with observed ET, in the Iberian Peninsula.
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However, the variability of the performance of ERA5-Land data could be explained by the presence
of missing data in the observed time series in all stations, especially for Martorano and Volano,
that could negatively affect RMSE and Bias values (Kidson and Trenberth 1988). In the latter
location, it could be further explained by the fact that ERA5-land is produced by running the
scheme of surface exchanges over land without taking into account the possible vicinity of the sea.
Observational practice indicates that surface parameters in coastal areas may be influenced by the
sea up to 5-10 km inland, as a consequence it is possible that ERA5-land may not correctly
represent local climate variability in this area (Pelosi et al. 2020). The extension of the analysis to
the regional level could help to understand if that effect is relevant at that level or if it is mostly a
very local issue. In general, it is known that reanalysis datasets may feature a certain degree of
deviations from the “true” value (Maraun et al. 2010). Overall, these results are considered
acceptable and since, in our case, observed data necessary for the calculation of the FAO-PM
equation for the study period 1981-2005 are not available or have large gaps, it was decided to use
ERAS5-Land data as a surrogate of ground observations and for the bias-correction of the different
RCM:s.

3.3.2. Validation and bias correction of RCMs

After this first step, reanalysis data were used to evaluate data extracted from the three RCM models
for our five reference stations. As stated before, those RCMs were selected among others because
they have daily data of all the variables necessary for the calculation of the FAO-PM equation.
Figure 3-3 reports mean annual ET, calculated from the reanalysis data and the three RCMs for the
reference period 1981-2005, for the five agrometeorological stations considered, with and without
bias-correction (described in par. 3.2.4.2). All RCMs overestimate ET, in all locations when
compared to ET, from ERA5-Land. For all stations, the mean annual ET, RMSE is higher and the
positive Bias is more pronounced in the HIRHAMS model simulations, while the RACMO22E
model presents the lowest RMSE and Bias. Although less obvious with RACMO22E model, the
performance indices also seem to be affected by the distance from the sea as San Pancrazio and
Cadriano show the highest RMSE and Bias values, while VVolano shows the lowest values. Taking
into account all simulations, Bias varies between 13% and 65% and RMSE values range between
121 mm y* and 440 mm y%, which are unacceptable values. After applying the QM bias correction

technique, the Bias present in the raw simulated annual ET, means were almost eliminated, leading
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to negligible differences between RCMs and reanalysis annual ET, means. The new Bias varies
between -0.14% and 0.04% and the new RMSE values are between 46 mm y* and 65 mm y7,

which is substantially less than in the case of raw simulations.

The same observations apply also to the ET, means over the summer season (June to August).
Similarly, all RCMs overestimate ET, in all five stations (Figure 3-4). However, the positive Bias
is higher for the RCA4 model instead. It is also interesting to note that RACMOZ22E with and
without bias correction is among the best performing RCMs at all locations and in both time frames.
The effect of the distance from the sea on the performance indices is also noticed as San Pancrazio
and Cadriano still have the highest RMSE and Bias values and Volano the lowest ones. In the
summer season, Bias varies between 17% and 69% and RMSE values range between 14 mm/season
and 43 mm/season. Applying the QM bias correction technique reduced the biases to a range
between -0.07% and 0.06% and the RMSE to a range between 6 mm/season and 7 mm/season,

which is negligible.
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A Dbetter evaluation of model performances may be obtained using a Taylor diagram that
summarizes the relative skill with which the different RCMs simulate ET, in the five locations in
comparison with the reanalysis outputs over the period 1981-2005. Looking at Figure 3-5, note
that all RCM simulations whether raw or bias-corrected, exhibit high correlation coefficients
(above 0.97). On the other hand, a difference is seen when looking at RMSD and the standard
deviation. Those metrics are lower for the bias-corrected RCMs, hence their closeness to the
reference point. In contrast to the raw RCMs symbols, those representing the bias-corrected RCMs
are packed on the red arc meaning that they have the same standard deviation than the reanalysis
data, which indicates that their variations is of the right amplitude. The previous observation about
RACMO22E being the best performing RCM with and without bias correction for all locations is
also confirmed. It is evident that the application of the bias-correction substantially improved the
ET, simulations by the different RCMs when compared to the ERA5-Land.
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3.3.3. ET, projections

The same approach applied to the reference period was also applied to bias-correct RCMs data for
the period 2021-2050 following RCP4.5 and RCP8.5 scenarios. Then, an ensemble for each
scenario from the three bias-corrected RCMs was built to study the projected ET, changes with
respect to the reference period. The combination of information provided by an ensemble approach
from different RCMs simulations instead of only one specific RCM is a way to reduce further
uncertainties associated with climate models projections and to produce more robust results
(Christensen et al. 2010; Kendon et al. 2010; Giménez and Garcia-Galiano 2018).

3.3.3.1. Future change in temperature

Before analyzing what may happen in different scenarios to ETo, we want to look at what is
projected for mean air temperature in the different scenarios. For the RCP4.5 scenario (Table 3-3),
annual Tmean Will range between 14.2+0.5 °C in San Pancrazio and 15.8+£0.4 °C in Volano, while,
in summer, it will range between a minimum of 24.4+0.9 °C in San Pancrazio and a maximum of
25.3£0.9 °C in San Pietro Capofiume. This implies a general increase of annual Tmean by about 1
°C in 2021-2050 with respect to the reference period 1981-2005, going up to 1.3 °C in summer.
For RCP8.5 scenario, the annual average value of Tmean iS projected to fluctuate between 14.5+0.5
°C in San Pancrazio and 16.1+0.4 °C in VVolano. In summer, Tmean Will range between 24.7+0.7 °C
in San Pancrazio and 25.5+0.8 °C in San Pietro Capofiume. Compared to the reference period, the
increase of the average annual value will be by around 1.2 °C in all locations, reaching 1.5 °C in
summer. Similar results were found when assessing air temperature changes for the period 2021-
2050 with respect to the reference period 1982-2011 in the Po river basin (Mercogliano et al. 2014;
Vezzoli et al. 2016). D’Oria et al. (2018) analyzed the climate change effects on temperature over
the Taro, Parma and Enza River basins, in the Emilia Romagna region, using an ensemble of 13
Regional Climate Models and the same emission scenarios (RCP4.5 and RCP8.5). At annual scale,
they expected increments up to +0.75 °C in the 2016-2035 period and +1.5 °C in the 2046-2065
period under the RCP4.5, and higher, up to +1 °C in 2016-2035 and +2 °C in 2046-2065 with the
RCP 8.5, using 1985-2005 as a reference period. These results are also close to the national
projections that anticipate an increase in Tmean ranging between 1.25 °C e 1.75 °C in 2021-2050 for
RCP4.5 and between 1.5 °C e 2.0 °C for RCP8.5 (Desiato et al. 2005). Overall, the magnitudes of

air temperature increase for RCP4.5 and RCP8.5 are close, due to the small difference between the
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two emission pathways before 2050. The same observation was made by Wang and Chen (2014)

when assessing the magnitudes of temperature increase in China for the same RCP scenarios.

Table 3-3. Statistics for Tmean in the five agrometeorological stations for the historical and future
period 2021-2050.

Tmean (OC)
. Reference Period
Station (1981-2005) RCP4.5 RCP8.5
Annual Summer Annual Summer Annual Summer

. Mean 13.8 23.7 14.8 25 15 25.2

Cadriano
SD 0.4 0.7 0.4 0.9 0.4 0.7
Mean 14.2 23.7 15.1 24.9 15.4 25.1

Martorano
SD 0.3 0.7 0.4 0.8 0.4 0.6
Mean 14.9 23.8 15.8 25.1 16 25.3

Volano
SD 0.3 0.6 0.3 0.8 0.4 0.6
. Mean 13.2 23.2 14.2 24.4 145 24.7
San Pancrazio
SD 0.4 0.7 0.4 0.9 0.5 0.7
. . Mean 14 24 15 25.3 15.3 25.5
San Pietro Capofiume

0.37 0.78 0.4 0.9 0.5 0.8

3.3.3.2. Future changes in solar radiation, wind speed and dew point temperature

Certainly, air temperature has an important influence on evapotranspiration. However, other
weather variables, involved in the FAO-PM equation, have also an effect on ET,. Thus, it is useful
to assess the future change in solar radiation, wind speed and dew point temperature for the two

considered RCP scenarios.

For both RCP4.5 and RCP8.5, annual solar radiation will increase by around 1.3% in all locations
during the future period 2021-2050 (Table 3-4), while summer solar radiation will increase by
around 0.8% to 1.3%. However, according to Gutiérrez et al. (2020), the amplitude of the changes
in surface solar radiation likely depends on the RCM and on its aerosol forcing choice, suggesting
that it is important to be cautious when using CORDEX projections for solar radiation and arguing
for the inclusion of aerosol forcing evolution in the next generation of CORDEX simulations.

Besides, such a small increase will likely not affect much ETo.
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For wind speed (Table 3-5), annual values show an average increase of around 14% in all locations
and for both RCP scenarios, with regards to the reference period 1981-2005. In the other hand,
summer values will stay constant. It is known that wind speed has a positive effect on ETo, and its

increase contributes to an increase of the reference evapotranspiration (Allen et al. 1998).

Finally, an increase of around 9.2% to 12.3% in annual Tqew is projected for all locations during
2021-2050 in comparison with the reference period (Table 3-6). Similarly, summer Tgew Will
increase by 5.6% to 7.1%. This means an increase of the quantity of water vapor, which has the
effect of decreasing evapotranspiration, offsetting, at least in part, the effect of the increase in Tmean
and WS.

The impact on ET, projections of the variation of all these quantities, to which an increase of the
CO: level and consequently of the stomatal resistance is added, is studied in the following
paragraphs with a particular focus on the change in air temperature as it is used often as a major

argument against the effect of a change in CO2 concentrations.

Table 3-4. Mean solar radiation at the five agrometeorological stations for the historical and future
period 2021-2050

Rs (MJ m2d)

Reference Period

Station (1981-2005) RCP4.5 RCP8.5
Annual Summer Annual Summer Annual Summer

. Mean 7.8 12.4 7.9 125 79 12.6

Cadriano
SD 0.1 0.2 0.1 0.2 0.1 0.2
Mean 7.9 12.5 8 12.6 8 12.6

Martorano
SD 0.1 0.2 0.1 0.2 0.1 0.2
Mean 8 12.6 8.1 12.7 8.1 12.8

Volano
SD 0.1 0.2 0.1 0.2 0.1 0.2
. Mean 7.7 12.2 7.8 12.3 7.8 12.3
San Pancrazio
SD 0.1 0.2 0.1 0.2 0.1 0.2
. ] Mean 7.9 12.4 8 125 8 12.6
San Pietro Capofiume

SD 0.1 0.2 0.1 0.2 0.1 0.2
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Table 3-5. Mean wind speed at the five agrometeorological stations for the historical and future
period 2021-2050

WS (m s?)
. Reference Period
Station (1981-2005) RCP4.5 RCP8.5
Annual Summer Annual Summer Annual Summer

] Mean 14 14 15 1.4 15 14

Cadriano
SD 0.03 0.05 0.03 0.05 0.03 0.05
Mean 15 1.6 1.7 1.6 1.7 1.6

Martorano
SD 0.05 0.06 0.03 0.06 0.03 0.06
Mean 2.4 2.6 2.7 2.6 2.7 2.6

Volano
SD 0.06 0.11 0.06 0.10 0.05 0.08
) Mean 1 1.1 1.2 1.1 1.2 1.1
San Pancrazio
SD 0.03 0.04 0.03 0.05 0.03 0.03
] ] Mean 1.2 1.3 1.4 1.3 1.4 1.3
San Pietro Capofiume

0.04 0.07 0.03 0.06 0.03 0.05

Table 3-6. Mean dew point temperature at the five agrometeorological stations for the historical
and future period 2021-2050

Tdew (QC)
. Reference Period
Station
(1981-2005) RCP4.5 RCP8.5
Annual Summer Annual Summer Annual Summer

) Mean 8 14.6 8.7 15.2 9 15.6

Cadriano
SD 0.3 0.5 0.4 0.5 0.4 0.4
Mean 8.3 145 9.1 15.4 9.3 15.6

Martorano
SD 0.3 0.5 0.4 0.5 0.4 0.4
Mean 9.9 17 10.6 17.9 10.9 18.1

Volano
SD 0.3 0.5 0.4 0.6 0.4 0.4
. Mean 75 14.2 8.3 15.1 8.6 15.3
San Pancrazio
SD 0.3 0.5 0.4 0.5 0.4 0.5
. . Mean 8.3 15 9.1 15.9 9.3 16
San Pietro Capofiume

SD 0.3 0.5 0.4 0.5 0.4 0.4
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3.3.3.3. Future reference evapotranspiration scenarios

For the estimation of the future situation of the ET, in 2021-2050, with respect to the reference
period 1981-2005, four scenarios were considered: the first scenario considers RCP4.5 without
changing the CO2 concentration in the FAO-PM equation, which was about 372 ppm when it was
first developed; the second scenario considers RCP8.5 without changing the future CO:
concentration in the FAO-PM equation (372 ppm); the third scenario uses RCP4.5 with an increase
of the canopy resistance to account for a CO> concentration of 550 ppm; and the fourth scenario
considers RCP8.5 taking in consideration a future CO> concentration of 550 ppm. They are

summarized in Table 3-7.

Table 3-7: Evapotranspiration scenarios

RCP4.5 RCP8.5

C02 Concentration 372ppm Scenal‘io ET1 Scenario ETZ
CO; concentration 550ppm Scenario ETs Scenario ET4

Reference evapotranspiration calculated by the FAO-PM equation using future data and the four
scenarios of Table 3-7, is reported in Table 3-8. The average annual ET, in all locations is about
735 mm in the reference period 1981-2005, and it is projected to reach values ranging between 764
mm for RCP4.5 and 772 mm for RCP8.5 in 2021-2050. These findings are close to those of Nistor
and Mindrescu (2019) in Emilia-Romagna region. They showed that the annual ET, register values
between 494 and 798 mm in 1961-1990 and between 778 mm and 833 mm in 2011-2070.

The highest annual and summer ET, values are observed in Volano for both the historical and
future period, while the lowest values are observed in San Pancrazio. Based on the data available,
this could be partially explained by the former location having the highest air temperature, wind
speed and solar radiation. (Table 3-3, 3-4 and 3-5), while the latter location having the lowest of
those values. Similar conclusions were found by Goyal (2004) and Liu and Zhang (2013) when

assessing ET, in China and India respectively.
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Table 3-8. Mean annual and summertime reference evapotranspiration (ETo) and annual ET,

change (A) for the four scenarios.

ET, A Scenario A Scenario A Scenario A Scenario
Station Season historical ET: ET. ETs ET,
(mm) mm % mm % mm % mm %
) Summer 328 15 4.4% 18 5.4% 4 1.3% 7 2.1%
Cadriano
Annual 721 28 3.9% 37 5.1% 2 0.2% 7 1%
Summer 343 16 4.7% 18 5.2% 6 1.7% 4 1.2%
Martorano
Annual 767 30 3.9% 39 5.1% 2 0.2% 2 0.3%
Summer 345 17 5.0% 20 5.7% 2 0.4% 5 1.4%
Volano
Annual 794 35 4.4% 42 5.3% -8 -1.1% -1 -0.1%
San Summer 307 11 3.5% 15 4,9% 4 1.2% 6 1.9%
Pancrazio Annual 669 23 3.5% 32 4.8% 5 0.8% 8 1.1%
San Pietro Summer 329 15 4.7% 18 5.5% 7 2% 7 2.2%
Capofiume Annual 723 29 4.1% 37 5.1% 4 0.6% 7 1%
Summer 330 15 4.5% 18 5.4% 4 1.3% 6 1.7%
Average
Annual 735 29 4% 37 5.1% 1 0.1% 5 0.7%

For scenario ETy, an increase of annual Tmean by around 1 °C in all locations in 2021-2050 will
contribute in increasing annual ET, by an average of 4% ranging between 3.5% in San Pancrazio
and 4.4% in Volano. An increase of summertime Tmean by around 1.3 °C will be followed by an
increase in ET, by an average of 4.5% with a minimum change of 3.5% in San Pancrazio and a

maximum of 5% in VVolano.

For scenario ET>, an increase of annual Tmean by around 1.2 °C in 2021-2050 will be met by an
increase in ET, by an average of 5.1% with the minimum is San Pancrazio (4.8%) and the
maximum in Volano (5.3%). The same pattern is projected in summer when an increase of around
1.5 °C in Tmean Will help increasing ET, by 5.3% reaching its minimum in San Pancrazio (4.9%)
and its maximum in Volano (5.7%). Overall, considering both scenarios, the absolute magnitude
of variation from the reference annual and summertime ET, for all locations was between 3.5%

and 5.7% for an increase of Tmean by 1 °C to 1.5 °C, which represent an average increase of 4% to
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5.4% with regard to the reference period 1981-2005. According to Allen (2000), under well-
watered conditions, evapotranspiration will increase about 4 to 5% per 1 °C rise in temperature. In
the Mediterranean region, Saadi et al. (2015) predicted that an increase of air temperature of 1.57
+0.27 °C would increase annual reference evapotranspiration by 6.7%. These observations are also
proportional to findings by Goyal (2004) in India where they showed that evapotranspiration will
increase by 14.8% with an increase in temperature by 20%. They are also proportional to findings
by Ramirez and Finnerty (1996) that indicated that a 3 °C increase in temperature induces a 14%

increase in evapotranspiration rates in Colorado.

When increasing atmospheric CO2 concentration, which means increasing the canopy resistance
component of the FAO-PM equation to account for a 550 ppm CO> concentration, the result is a
counterbalance of the effect of the change in the different weather variables, with a quite small
difference between actual and future ET,, both for yearly and summer quantities. In particular, for
Scenario ET3sthis means that annual ET, will increase by only a maximum of 0.8% in San Pancrazio
with regards to the reference period and it will even decrease by a maximum of 1.1% in Volano.
In summertime, ET, is anticipated to increase between 0.4% in Volano and 2% in San Pietro

Capofiume.

For Scenario ETg, the increase of CO2 concentration is projected to have the same effect as scenario
ETs. Annual ET, will increase by a maximum of 1.1% in San Pancrazio while it will decrease by
0.1% in Volano in comparison with the reference period. On the other hand, in summer, the
increase is predicted to be between 1.2% in Martorano and 2.2% in San Pietro Capofiume. It is
interesting to notice that, unlike scenario ETy and ET>, the windiest location (\Volano), had the least
increase in both annual and summer ET, with regards to the historical period when compared to
San Pancrazio, the least windy station. This is because an increase in CO2 concentration increases
the factor 0.34 that accompanies wind speed in the denominator of Eq. (3-1) causing smaller ET,
increments compared to the situation without CO variation (Moratiel et al. 2011). Similar
observations were reported by Snyder (2017) when he found that, with an increase in CO-
concentration, the annual ET, increased slightly where there were mean wind speeds less than 1.7
m-s?, and it decreased for wind speeds greater than 1.7 m-s™t. However, in our case, the change in

ET, does not follow a clear wind speed negative gradient, as there are also several other factors
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that might affect at a certain extent the magnitude of the variation, such as dew point temperature

and solar radiation.

Overall, when the effect of an increase in CO2 concentration from 372 ppm to 550 ppm was
considered in combination with the projected increase in temperature by 1 °C to 1.5 °C, changes
in both annual and summer ET, demand varied from -1.1% to 2.2% during the 2021-2050 period
with regard to the reference period 1981-2005. Comparable results were obtained in Colorado by
Islam et al. (2012) whose simulations showed that the effect of increase in CO> levels up to 450
ppm to offset the effect of about 1 °C rise in temperature, whereas a 2 °C rise in temperature was
offset by a doubling of the CO> concentration (660 ppm). Similarly, simulations by Priya et al.
(2014) concluded that the effect of 2.5 °C rise in temperature in Varanasi (India) was offset by an

increase of the CO2 concentration from 330 ppm to 660 ppm.

Accounting for the projected increase in CO2 concentration in the FAO-PM equation should give
a more realistic estimation of WUE and irrigation requirements, especially for Cz crops such as
wheat, barley, potato and sunflower, for which Emilia-Romagna is famous, as C4 species are less
responsive to increased atmospheric CO». This means that farmers should be able to achieve
higher crop yields per unit land area with similar or less amounts of water. However, elevated
carbon dioxide concentrations may have detrimental effects on agriculture, as they can affect
crop quality due to reductions in nutrients, including many that are important for overall health,
such as iron, zinc, and protein (Erda et al. 2005; Smith et al. 2018). Besides, they can increase the
damage caused by certain pests and boost weeds prevalence, because many weedy species are Cs
plants, which are favored in an elevated carbon dioxide environment (Ramirez and Finnerty
1996; Fuhrer 2003). This is enhanced even further by increasing competitiveness and reducing
herbicide sensitivity of some weed species (Matzrafi 2019). Besides, temperature increases along
with CO», will accelerate plants maturity, and hinder pollination (Boote et al. 2005). Further, if
temperatures continue to rise, the overall WUE could actually decrease due to increased water
requirements in warmer climates such as that of Emilia-Romagna and to possible seed yield
reductions caused by higher temperatures (Allen 2000). In fact, CO> fertilizing effects should
decrease once optimal temperatures are exceeded for a range of processes, especially plant water
use (Easterling et al. 2007; Backlund et al. 2008; Lovelli et al. 2010; Turral et al. 2011).

However, even without taking in consideration the increments in CO> levels, the studied locations
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should not imply dramatic increases in water demand with respect to the 1981-2005 period as
ET, increase does not exceed 6% with the projected increase in air temperature. Using water
balance and a calibrated Hargreaves and Samani equation (Hargreaves and Samani 1982), similar
conclusion was drawn by Tomei et al. (2010) for the future period 2021-2050 with respect to the
1991-2008 period. They explain that the result is mainly due to possible increase in spring
precipitation, that could mitigate the impact of the further increase in temperature and

evapotranspiration.

3.3.4.Uncertainties

Some uncertainties are present in this study. First, uncertainties may come from the use of
reanalysis data, which stems from the general difficulty in combining heterogeneous observations
onto a regular grid, the choice of the assimilation model, and the quality and distribution of the
underlying observations (Reichler and Kim 2008). However, these uncertainities should be less
important in the ERA5-Land climate dataset due to its high resolution and its foundation in physical
laws, which makes it suitable for studying climate-vegetation interrelationships in areas with poor
data availability (Zandler et al. 2020). Second, uncertainties may originate from the RCM
projections due to the uncertainty of physics parameterization and lateral boundary conditions,
limitations with initial conditions, imperfections of numerical equations, and various model
configurations (Kim et al., 2020). To reduce the uncertainty associated with model outputs, a multi-
RCM-ensemble was used in this study as recommended in the literature (Eekhout and Vente 2019;
Mendez et al. 2020; Yu et al. 2020). Moreover, a statistical bias-correction technique namely
quantile mapping (QM) was applied as it is proven to reduce biases in the mean, variance or the
complete distribution of simulated climate variables (Pastén-Zapata et al., 2020). Besides, the
increase in spatial resolution of RCMs was shown to have a significant effect on the model
performance (Prein et al., 2016). Therefore, high resolution CORDEX-RCMs were selected.
However, RCMs post-processing is unable to alleviate all uncertainties as climate simulations can
never capture the complexities of the real system. Hence, uncertainty is unavoidable in regional
climate scenarios and indeed in any geographical discipline which utilizes numerical modelling
(Foley, 2010).
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3.4. Summary and conclusion

The aim of this paper was to assess the effect of climate change on crop reference
evapotranspiration in five locations in Emilia-Romagna region during the near future period 2021-
2050, with a focus on the effects of higher CO: levels and agrometeorological parameters on ETo.
Since climate change studies usually need between 20 to 30 years of observed data and due to the
unavailability or incompleteness of such dataset in our case, the high-resolution ERA5-Land
reanalysis dataset (9 km) was evaluated to serve as an alternative. The comparison made against
data observations for the period 2008-2018 gave satisfying results, allowing the reanalysis dataset
to be used as a long-term reference dataset. This dataset was used to correct for systematic biases
in the daily weather variables extracted from three high-resolution EURO-CORDEX RCMs (12
km), then used for the calculation of ET,. The three-member RCM ensemble assuming a medium
(RCP4.5) and a high range emission scenario (RCP8.5) was assessed for the future period 2021-
2050 with respect to the reference period 1981-2005. According to the bias-corrected ensemble
simulations and both RCP scenarios, mean air temperature in the five study locations is anticipated
to increase by 1 °C to 1.5 °C annually and during summertime with respect to the 1981-2005 period.
This increase is coincident with an increase in the other weather variables involved in the FAO-
PM equation, mainly wind speed and dew point temperature. Focusing on summer season, which
is important for irrigation, and maintaining the preset CO2 concentration of 372 ppm, the FAO-PM
equation predicts the increase in future summer ET, to range between 3.5% and 5.7% in all stations.
By taking into account the increase of CO2 concentration up to 550 ppm in the ET, calculations,
the new range of summer ET, variation will be between 0.4% to 2.2%, thus reducing the effect of

an increase in the different weather variables, especially air temperature.

Overall, the results of this study favor the adoption of reanalysis data to estimate ET, when full
observation datasets are not available. Besides, they show that taking into consideration the future
projected CO2 concentrations is important to have a more accurate idea about future crop water
demands and to be able to have more efficient water resources management strategies in Emilia-
Romagna. Despite some uncertainties, results may provide a theoretical basis for further study of
the potential impacts of climate change on local water resources and agriculture As a future step,
this work could be extended to the end of the century scenario, when important increases in
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temperature in all seasons are projected to occur over Emilia Romagna region (Tomozeiu et al.
2007, 2018).
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4. Evaluation of Forecast Reference Evapotranspiration (FRET) for Different

Micro-climates Regions in California
Abstract

In California, daily crop evapotranspiration (ETc) is commonly estimated using near-real-time,
standardized reference evapotranspiration (ETo) calculated from meteorological data and crop
coefficient (K¢) values that adjust for the difference between ET, and ETc. However, using ET,
calculated from forecast rather than near-real-time meteorological data provides more timely
information to growers, farm managers, irrigation practitioners, water resource planners, as well as
to water purveyors and managers to anticipate the water demand for the upcoming days, which is
important for water allocation and delivery planning, and for irrigation scheduling decisions.
Forecast ET, is also relevant for scientific research to develop methods and tools enabling more
resource-efficient water use for agricultural production and urban landscapes. Verifying the
reliability of ET, forecast models for various climatic conditions is crucial to promote the broad
adoption and use of ET, predictions for weather-based adaptive water management and prospective
irrigation scheduling. The US National Weather Service (NWS) has released the product “FRET”
that provides forecasts of ET, at 2.5-km grid resolution for the entire continental USA. In this
study, comparisons were made between ET, forecasts from FRET and the observed ET, values
from the California Irrigation Management Information System (CIMIS) for a total of 108 days
during the peak irrigation water demand period of 2019, which corresponds to the mid-season
period of the major crops. FRET ET, forecasts and CIMIS ET, observations (which are calculated
from measured weather parameters) were compared for 15 CIMIS station locations to represent a
variety of weather conditions of some major agricultural production and urban areas in California.
Air temperature, dew point temperature, wind speed and solar radiation data were collected from
NWS and CIMIS and analyzed to assess the accuracy of predicted weather variables and of FRET
ET, forecasts. The FRET data consist of 1, 3, 5, and 7-day forecasts of the weather parameters and
calculated ET, values, which were then compared with the corresponding observed daily weather
and ET, data from CIMIS to statistically evaluate FRET performance. The comparison among
forecast and measured weather variables revealed good match for maximum (R? ranging between
0.98 and 1.00) and minimum air temperature (R?> > 0.91), dew point temperature (R? ranging
between 0.7 and 1.00) and wind speed (R? ranging between 0.66 and 0.99), but less accurate results
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were obtained for solar radiation (R? ranging between 0.21 and 0.87). The analysis also showed
good correlation between the FRET ET, forecast data and observed CIMIS ET, data (R? ranging
between 0,93 and 1.00 and RMSE is less than 1 mm d-1) for the majority of the stations, with some
differences that are likely due to the climatic conditions of specific locations. This suggests that
FRET ET, forecasts provide reliable information for predicting the near-future water demand and
improving irrigation water management in California. The comparisons are promising for most of
the 15 CIMIS station locations, and it is likely that the FRET model has the potential to provide
accurate ET, forecasts in similar semi-arid and sub-humid areas elsewhere. Weekly irrigation
schedule examples are provided to illustrate the use of FRET ET, forecasts along with soil
properties and irrigation systems’ performance for prospective irrigation scheduling of some
specialty crops and urban landscape. The information provided in this article can help to improve
water management efficiency of high-frequency agricultural irrigation systems and urban sprinkler
irrigation systems in California and other locations with similar climates. It also offers a less
expensive method to obtain ET, data in developing countries that do not have ET, station networks,
and it offers an alternative to installing ET, stations in agricultural and urban areas where it is

difficult to find acceptable surfaces for ET, stations.
Keywords: CIMIS; ET,; Penman Monteith equation; Weather data; Irrigation scheduling
4.1. Introduction

Frequent water applications are required for agricultural low volume micro-irrigation and for urban
high frequency sprinkler irrigation systems. Low volume micro-irrigation practices are commonly
used for many crops because of better control on water distribution and fertigation through the
irrigation system (Fares and Abbas 2009). These systems typically have a higher distribution
uniformity and application efficiencies than surface and traditional sprinkler irrigation systems. In
addition, frequent low volume micro-irrigation events often deliver higher yields and better crop
quality (Madramootoo and Morrison 2013; Suryavanshi et al. 2015). Urban irrigation systems are
often designed to apply water frequently and during the nighttime so that people can use and enjoy
the landscapes during daytime. While near-real-time evapotranspiration (ET) information is helpful
for scheduling irrigation with traditional low-frequency methods, e.g., furrow, basin, border, and
impact sprinkler, using the ET-based method with ET, information from the previous week is

somewhat less efficient for scheduling high-frequency irrigation of crops where the water must be
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ordered a few days in advance of the irrigation event, as well as for urban landscapes, where
irrigation times are commonly programmed into a controller for the coming week (Luo et al. 2014).
In the case of micro-irrigated specialty crops, scheduling irrigation for the upcoming week based
on ET, from the previous week may carry forward deficit and/or excessive water applications
without the possibility to tailor irrigation events to varying weather conditions from one week to
the next. In this regard, accurate ET, forecast information becomes useful to improve irrigation
efficiency and to account for weather variations (Melton et al. 2012).

Time series forecasting has gained remarkable interest from researchers in the last few decades,
and ET, forecasts are becoming important for real-time irrigation scheduling and agricultural water
management (e.g. Ballesteros et al. 2016); especially in semi-arid and arid regions where
supplemental or full irrigation is often needed to produce crops. This is mainly due to important
advances in weather forecasting methods based on statistical and numerical weather prediction
(NWP) models (Bauer et al. 2015), which provide a solid proof of the suitability of ET, forecasts
as a substitute to weather stations measurements (Cai et al. 2007; Perera et al. 2014; Luo et al.
2015; Traore et al. 2016; Ballesteros et al. 2016; Yang et al. 2016; Manikumari et al. 2017; Liu et
al. 2020). Moreover, the ability to forecast ET, and the accuracy of predictions are projected to
improve in the future and the forecast uncertainties will decline as the performance of the statistical
and NWP models increase or systematic errors are minimized from the forecast weather variables.
Using forecast ET, has advantages in that it helps farmers making optimal irrigation decisions by
enabling them to schedule water applications on the basis of expected weather conditions rather
than on intuitions or past weather data (Vanella et al. 2020). According to Ballesteros et al. (2016),
the forecasting methodology should allow for accurate predictions for the period of high crop water
requirements, because failures in the determination of crop requirements could strongly affect crop
yield, if underestimated, and water usage, if overestimated. This in turn increases farm profits from
higher yields, lower water and energy usage, and/or greater irrigation and energy productivity. In
addition, reliable ET, forecasts can reduce costs by eliminating the need for automated weather
networks, or decreasing the number of weather stations, while providing ET, data in a timely
fashion for irrigation scheduling purposes (Duce et al. 2000). Since ET, forecast models have the
capacity to produce spatially distributed data, having forecast ET, is relevant for assessments and
studies at regional scale, unlike in-situ observations obtained from weather stations in

heterogeneous landscapes (e.g., Cruz-Blanco et al. 2014; Tomas-Burguera et al. 2018). Similar
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limitations in obtaining accurate spatial ET, information are experienced with remote sensing
techniques because of coarse temporal resolution due to infrequent satellites overpasses and/or
gaps in imagery acquisition due to cloud cover (Ju and Roy 2008). Forecast model outputs,
however, are usually available to the scientific community but not to the public, as they are difficult
to analyze and interpret for non-professionals (Yang et al. 2016). These limitations fostered the
development of free and user-friendly models to produce daily ET, forecast data and make them
accessible to the public. In California, early in the development of the CIMIS network, it was
discovered that newspapers, radio, and TV media generally refused to disseminate ET, information
from a State-run ET, station network to the public because they felt that the State was an unreliable
source for information. On the other hand, the news media were open to disseminating information

from the NWS, which is considered a reliable source of information.

In this context, an ET, forecast product (FRET) was originally developed in California to help
improve irrigation scheduling and management of high frequency agricultural and urban irrigation
systems and to encourage the adoption and use of ET-based scheduling. The FRET model to
forecast ET, was developed jointly by the University of California Agriculture and Natural
Resources (UC ANR), the California Department of Water Resources (CDWR), and the US
National Weather Service (NWS). Nationwide, FRET ET, forecasts up to 7-day lead are updated
twice a day and they are disseminated through an internet website. The NWS daily forecast weather
data are generated with the Global Forecast System (GFS) mesoscale model and output to a gridded
map. The GFS is a weather forecast model produced by the National Centers for Environmental
Prediction (NCEP). The model is described online (NOAA 2021). The 7-days forecast of weather
and ET, data are found by selecting a location on variable-specific gridded map. To obtain the data,
the user selects a point on the map, and uses a selection bar to choose days 1-7 to retrieve the
forecast variable and ET,. Note that day 1 is the current day forecast and days 2-7 are for the
following six days. The NWS forecast data includes all of the variables used to calculate ET, except
solar radiation, which is not forecast but estimated from forecast daily cloud cover.

The FRET model was tested in California and afterwards extended by the NWS to provide ET,
forecasts for the entire continental USA. FRET forecasts of daily ET, are freely disseminated over
the 48 continental states daily via a dedicated website (https://digital.weather.gov/). Note that it is
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possible to display several variables on the map, so “Daily FRET (in.)” is selected from a dropdown

menu above the map to display the daily ET, map.

The NWS calculates FRET ET, in metric units, but it converts the ET, rates to inches per day for
use by irrigators within the USA. FRET was developed to help improve irrigation management of
high frequency agricultural micro-irrigation systems and high application frequency urban
sprinkler systems. For high frequency micro-irrigation systems, there is an advantage in using
forecast ET, as it offers irrigators the ability to adjust irrigation schedules by matching irrigation
applications to actual soil water depletion and plant water status. It is also of practical use by farm
managers and irrigators who use automation hardware and controllers to manage irrigation and
adjust for weather changes. Considering that farmers make decisions on the timing and amount of
water to apply a few days before the actual irrigation events, forecast weather information can
potentially increase productivity by optimizing irrigation applications and energy usage during

low-peak rate times.

CIMIS is a large network of automated weather stations operated by the CDWR that provides free
near-real-time ET, data to California growers, urban landscape managers and various other
professionals and stakeholders to support irrigation planning and management decisions
(https://cimis.water.ca.gov), as well as to inform pest control practices. For information on CIMIS
and its applications see Cohen-Vogel et al. (1998), Eching (2002), Hart et al. (2009) and Snyder et
al. (2015). The CIMIS network encompasses about 150 automated weather stations that are mostly
located over well-watered, cool-season grass fields as recommended by the United Nations-Food
and Agriculture Organization (UN-FAO) (Allen et al. 1998) and by the American Society of Civil
Engineers-Environmental Water Resources Institute (ASCE-EWRI) (TCSRE 2005).

The CIMIS network stations collect hourly weather data over large well-watered grass fields and
hourly ET, is calculated following Allen et al. (2006). CIMIS daily ET, is computed from the 24-
hourly ET, calculations. The NWS and CIMIS provide respectively forecast and observed values
of air temperature and relative humidity at 1.5 m height. The NWS provides forecast wind speed
values at 10 m above the ground, whereas CIMIS measures wind speed at 2 m height. For the
purpose of the present study, the NWS wind speed forecast data at 10 m height were adjusted to

estimate wind speed at 2 m height prior to comparing with CIMIS data using Equation 4-1.:
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4.87
Uz = Uy (ln(67.8 zW—5.42)) (4-1)

where U, and u; are wind speeds (m s™) at heights of 2 m and z, m, respectively, above the ground
level. FRET ET, forecasts were previously compared to ET, values calculated from measured
weather variables for 42 locations in Florida, and results showed that forecasts were similar to
calculated data (Migliaccio et al. 2017). Additional information on FRET is available from Hobbins
(2010).

Our assumption is that a good match between FRET forecast and CIMIS observed daily ET, for a
specific CIMIS station validates the utility of the NWS FRET ET, forecast model in the micro-
climate of that station. Therefore, the NWS FRET model should provide an accurate ET, forecast in
other states or countries having a similar micro-climate as the specified CIMIS station.

The main objective of this research is evaluating the accuracy of predicting daily ET, using 1-, 3-, 5-
, and 7-day NWS model weather forecast data and a daily ET, equation (Allen et al. 1989) by
comparing with observed CIMIS ET, computed as the sum of 24 hourly ET, calculations (Allen et
al. 2006). Assessing how accurate the ET, predictions are in various Californian microclimates is
crucial to provide reliable data for improving irrigation management. Some sample irrigation
schedules were developed using FRET ET, information and they are provided to illustrate the use of
forecast ET, along with soil hydraulic properties and irrigation system’s performance parameters for

prospective irrigation decisions on specialty crops and urban landscape.
4.2.Materials and Methods

4.2.1. Study area

Since meteorological variables are non-homogeneous over large areas and have variable effects on
ET,, itis important to evaluate FRET performance for a range of microclimatic conditions. In order
to represent different microclimatic conditions, 15 CIMIS stations were considered for this study
and selected from different counties within the state of California. Figure 4-1 illustrates the CIMIS
station locations, and the climatic information for each selected station are presented in Table 4-1.
The ET, zones refer to the California ET, zone map (CIMIS 2012), which divides California into

18 ET, zones on the basis of long-term ET, averages.
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Fig. 4-1. Map of California with the location (red dots) of the 15 CIMIS stations considered
for the present study.

4.2.2.FRET ET,

The daily ET, equation from the UN-FAOQ Irrigation and Drainage Handbook No. 56 (Allen et al.
1998), also endorsed by ASCE-EWRI in TCSRE (2005), was selected as the most widely accepted
equation. All the variables except solar radiation that are required to calculate ET, with this
equation are forecast by the NWS. Daily solar radiation is estimated as a function of fraction cloud
cover based on an equation from Doorenbos and Pruitt (1977). The daily standardized reference
evapotranspiration equation for short canopies is based on the original Penman-Monteith (PM)
equation (Monteith 1965) except for the fact that it was modified from an instantaneous ET,
equation to a daily ET, equation by changing some of the variables and estimating the daily mean
canopy resistance as r. = 70 s m™ and the aerodynamic resistance as ra = 208/uz s m, where uz is

the mean daily wind speed measured at 2 m height above the ground.

67



Chapter 4

Table 4-1. Location, ET, zone and climate class of the 15 CIMIS stations selected for the present

study.
Station ETo Station Climate Class? Latitude® | Longitude® | Elevation (m)
1D Zone name
Five Points

2 16 South Semi-arid, steppe (BSk) 36.3820 -120.2298 82.30
West

5 15 Shafter | Aridlowlatitudedesert | o5 oo | 9799877 109.73

(BWh)

6 14 Davis Med'te”a”fé‘% ?Ot SUMMEr | 385356 | -121.7763 18.29
13 13 Camino Med'te”a”(eg:; ')‘Ot SUMMEN | 36 7531 | -120.733 847.34
35 14 Bishop Semi-arid, steppe (BSk) 37.3585 -118.4055 1271.02
39 12 Parlier Semi-arid, steppe (BSk) 36.5974 -119.5040 102.72
64 3 Santa Ynez Mediterranean/cool 345831 | -120.0792 149.35

summer (Csh)
75 4 Irvine Semi-arid, steppe (BSk) 33.6884 -117.7211 124.97
77 8 Oakville Mediterranean/cool 38.4284 | -122.4102 57.91
summer (Csh)
78 9 Pomona Med'te”an(eg;‘; ')‘Ot SUMMr | 5 5658 | -117.8130 222.504
87 18 Meloland | “Md '°V"(éatv\'}r‘]‘)de desert | 358061 | -115.4462 -15.24
90 7 Alturas Cool continentaldry 41.4382 | -120.4803 1342.64
summer (Dsb)
171 6 Union City Mediterranean/cool 375087 | -122.0532 4.88
summer (Csh)
Torrey Semi-arid, steppe i
173 1 A wisammer foq (B8Kn) 32.9018 | -117.2504 102.108
211 10 Gilroy Mediterranean/cool 37.0150 | -121.5370 56.388
summer (Csh)

8The explanation of each letter symbol can be found in Arnfield (2020).

b In decimal degrees (DD)

Both the UN-FAO Irrigation and Drainage Handbook No. 56 (Allen et al. 1998) and the report by
ASCE-EWRI (Allen et. al 2005) explain in detail the daily ET, equation and the recommended

procedures to measure and calculate variables that are inputs in that equation. The daily

standardized reference evapotranspiration is calculated as indicated in Equation 4-2:

ET, =

900

0.408A(Rn—G)+y(Tm+273

uales—ea)

A+y(1+0.34uy)
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where Ry (MJ m d?) is the net radiation, G (MJ m? d?) is the ground heat flux, Tm (°C) is the
mean daily temperature, u, (m s) is the mean daily wind speed, es (kPa) is the saturation vapor
pressure at Tm, and eq (kPa) is the vapor pressure at the mean daily dew point temperature Tq
(°C). Note that A (kPa °C™Y) is the slope of the saturation vapor pressure at Tm and  (kPa °C™t)

is the psychrometric constant. The estimate of the ratio of crop surface

resistance (rc¢) to aerodynamic resistance (ra) included in the standardized surface (Allen et al.
1998; TCSRE 2005) has the form indicated hereafter:
70 sm~1

0.34u2 -~ 208___,
Ta ~——sm
uz

(4-3)

The numeric value of 900 is a product of several fixed values and the 0.408 converts the (Rn- G)
from MJ m2d? to mm d%. Note that daily R, is computed from daily solar radiation (Rs), elevation
(E), latitude (deg.), day of the year (i = 1-365), solar constant Gsc = 0.082 MJ m?min, saturation
vapor pressure at maximum [es(Tx)] and minimum [es(Tn)] daily air temperature, and mean daily
dew point temperature [eq = es(T)]. Details on the calculation of R, are presented in (Allen et al.
1998; TCSRE 2005).

The NWS forecasts all the necessary variables except solar radiation, which is a key input into the
daily ET, equation. The NWS, however, employs a daily fraction cloud cover forecast to estimate
daily solar radiation R rather than directly using a Rs forecast using the approach published in the
UN-FAO Irrigation and Drainage Handbook No. 24 (Doorenbos and Pruitt 1977). The daily
fraction cloud cover (C¢) is used to estimate the daily ratio of actual to potential sunshine hours

(n/N) using Equation 4-4.

n

2 = —0.0083 C + 0.9659 (4-4)

Then, the daily solar radiation (Rs) is calculated from n/N using Equation 4-5 and extraterrestrial

radiation (Ra), which is a function of the latitude and the day of the year.
Ry =(025+052)-R, (4-5)

The calculation of daily Ra is described in (Allen et al. 1998; TCSRE 2005).
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The NWS forecasts are made available to the public and are updated twice per day. Every day,
forecasts for the next seven days can be retrieved from the NWS digital forecast map
(https://digital.weather.gov/). Please note that the FRET forecast data are not archived, so for the

specific purpose of the present study, the 1-.3-, 5-, and 7-day forecasts of weather and ET, data
were downloaded and archived on every working day during the data collection phase. Specifically,
data were downloaded daily from the 2" of June to the 17" of September 2019, for a total of 108
days.

4.2.3.CIMIS ET,

CIMIS stations measure weather data each minute and ET, is calculated with an hourly time-step
using Rs (MJ m2 hl), mean air temperature (Tm, °C), mean dew point temperature (Tq, °C) and
mean wind speed (uz, m s%), using the hourly ET, equation as described in (TCSRE 2005; Allen et
al. 2006). Note that the hourly ET, equation was modified from that in Allen et al. (1998) to better
account for stomata closure during nighttime. The equations for daylight hours (Equation 4-6) and
for nighttime hours (Equation 4-7) are employed by CIMIS to compute hourly ET, based on
TCSRE (2005) and Allen et al. (2006):

37
0.408A (Rn—G)+¥ (7—3773) uz(es—ea)

ET, = A+y(1+0.24u,) (4-6)

3—7)u (es—ey)
Tmt273) “2\°s7¢d

A+y(1+0.96u5y)

0.408A (Rn—G)+y(
ET, =

(4-7)

The hourly ET, equation differs from the daily ET, equation in that the value of 900 in Eq. 4-2 is
replaced by 37 = 900/24 and the r. from Eq. 4-2 is changed from 70 s m™ to 50 s m™* during daylight
hours and to 200 s m during nighttime. The aerodynamic resistance ra is still calculated as 208/uz,
so the numeric value of 0.34 in Eq. 4-2 is changed to r. = 50/208=0.24 during daylight (Eq. 4-6)
and re = 200/208 = 0.96 during nighttime (Eq. 4-7). The transition between daytime and nighttime
is determined using the day of the year and the latitude and longitude. The methodology to compute
hourly ET, is thoroughly explained in TCSRE (2005) and Allen et al. (2006). The CIMIS daily ET,
is calculated as the sum of the midnight to midnight 24 hourly ET, values. All collected and
computed CIMIS data are archived and are made available online to the public.
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4.2.4.Model evaluation

To evaluate the FRET model’s performance, specific statistical indices were used, as suggested by
Wilks (2005):

i.  Coefficient of determination, R? (Equation 4-8)

ii. Root Mean Square Error, RMSE (Equation 4-9);
iii. Mean Absolute Error, MAE (Equation 4-10);
iv. Residual Mass Coefficient, CRM (Equation 4-11);

2 _ C—D@i-9)?

T 0 I0i-9)? (4-8)
RMSE = RO (@9
maE = E2EX (@-10)
CRM = it Yi—Yim, Xi (4-11)

Z?:l Yi

where yi is the measured value, xi is the forecast value, y and x are the means of the data arrays of
yi and x;, and n is the number of measured/forecasted data.

Both MAE and RMSE express average model prediction error in units of the variable of interest.
The main difference between these two metrics is that RMSE gives a relatively high weight to large
errors. This means that the RMSE should be more useful when large errors are particularly
undesirable. The CRM is a measure of the tendency of the model to overestimate or underestimate
the variable of interest. Positive values for CRM indicate that the model underestimates the variable
of interest. Negative values for CRM indicate a tendency to overestimate. For a perfect fit between
measured and forecasted data, values of MAE, RMSE and CRM should equal 0.0. For R?, it should
be equal to 1.0. It is worth noting that the meteorological variables were evaluated using only R?

and RMSE, while all statistical indexes were used for ET, since it is the main focus of this work.
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4.3.Results and discussion

4.3.1. Comparison of NWS forecast data with CIMIS measured data

The comparisons between forecast weather variables used for calculating FRET ET, and the
measured weather variables used for computing CIMIS ET, were performed with datasets relative
to 108 days spanning over the period from June to September 2019. Specifically, observed CIMIS
weather data for each day were compared with the corresponding weather data that was forecast 1,
3, 5, and 7 days earlier. The graphs from Figure 4-2a to Figure 4-2e show average monthly values
of maximum (Tx) and minimum (Tn) air temperature, dew point temperature (Tq), wind speed (uy)
and solar radiation (Rs), for the selected 15 CIMIS stations, while Tables 4-2 through 4-6 show the
RMSE and R? values for the comparison of measured versus forecast daily values. Figure 4-2f
shows CIMIS ET, monthly means. Note that the Oakville CIMIS ET, data were unavailable during
June due to delays in obtaining parts for a maintenance problem.

The air temperature comparison (Tables 4-2 and 4-3) shows a good agreement for forecast and
observed data. For Ty, R? values are between 0.98 and 1.00, whereas RMSE values are between
0.7°C and 4.4°C. The 4.4 °C was associated with the Camino CIMIS station for all lead times. The
higher RMSE is likely due to the effect of pine trees that are grown seasonally around the weather
station for repopulating burned forest areas (Wang et al. 2015). For Tn, R? values are higher than
0.91, while RMSE values range between 1.3 °C and 4.7 °C. The results indicated that the forecast
is better for Ty than Tn, which agrees with some previous forecast studies (Perera et al. 2014) and
disagrees with other studies (Luo et al. 2015; Yang et al. 2016). With few exceptions, the Tx and

Tn forecast performance decreased as the number of forecast days increased.
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Table 4-2. Root mean square error (RMSE) and coefficient of determination (R?) for the

comparison between measured and forecast maximum air temperature (Tx)

RMSE (°C) R?

Station ID | ET,zone Name 1d | 3d | 5d | 7d | 1d 3d | 5d | 7d
2 16 Five Points | 1.83 | 2.01 | 2.30 | 2.46 | 1.00 | 1.00 | 1.00 | 1.00
5 15 Shafter 109 | 125|159 184 | 1.00 | 1.00 | 1.00 | 1.00
6 14 Davis 115|141|173|218| 1.00 | 1.00 | 1.00 | 1.00
13 13 Camino 3.85(3.74|4.07|443 | 1.00 | 1.00 | 1.00 | 1.00
35 14 Bishop 1.95[2.05[1.98 221 1.00 | 1.00 | 1.00 | 1.00
39 12 Parlier 0.74 1091 |139|202 | 1.00 | 1.00 | 1.00 | 1.00
64 3 Santa Ynez 242283340 |3.99| 099 | 0.99 | 0.99 | 0.98
75 4 Irvine 198|224 1247 |2.79| 1.00 | 1.00 | 0.99 | 0.99
77 8 Oakville 2.63 | 265|278 |3.62| 0.99 | 0.99 | 0.99 | 0.99
78 9 Pomona 139|149 223|258 | 1.00 | 1.00 | 0.99 | 0.99
87 18 Meloland 2.61|295|263|284| 1.00 | 1.00 | 1.00 | 1.00
90 7 Alturas 1921213283338 | 1.00 | 1.00 | 0.99 | 0.99

171 6 Union City 2051218 |271|330| 0.99 | 0.99 | 0.99 | 0.98
173 1 Torrey Pines | 1.53 | 1.56 | 1.62 | 1.78 | 1,00 | 1.00 | 1.00 | 0.99
211 10 Gilroy 207 | 217|291 |3.34| 1.00 | 1.00 | 0.99 | 0.99
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Table 4-3. Root mean square error (RMSE) and coefficient of determination (R?) for the

comparisons between measured and forecasted minimum air temperature (Tn)

RMSE (°C) R?
Station ID ET, zone | Stationname | 1d | 3d 5d 7d 1d 3d 5d 7d

2 16 Five Points | 3.67 | 258 | 290 | 3.11 | 0.97 | 0.99 | 0.98 | 0.98

5 15 Shafter 129|137 | 153 |1.83| 1.00|0.99 | 0.99 | 0.99

6 14 Davis 1841184 | 199 | 203|099 | 099 |0.99 | 0.99
13 13 Camino 321|336 | 353 |395|0.99|0.99|0.99| 098
35 14 Bishop 402 420 | 440 | 466 | 097 | 0.97 | 0.96 | 0.96
39 12 Parlier 128 139 | 160 |1.93|1.00 |0.99 | 0.99 | 0.99
64 3 SantaYnez |1.45|178 | 154 |1.60| 099 098 | 0.99 | 0.99
75 4 Irvine 177 (217} 232 | 218|099 | 0.99 | 0.99 | 0.99
77 8 Oakuville 3.04 1284 | 307 |324]0.98|0.98|0.98 | 097
78 9 Pomona 2041245 | 232 |241|0.99 | 0.99 | 0.99 | 0.99
87 18 Meloland 275|333 | 364 | 413|099 | 098|098 | 097
90 7 Alturas 198 (219 | 248 | 282|095 (094|092 0.91
171 6 UnionCity |1.63 186 | 193 | 189|099 [0.99 | 0.99 | 0.99
173 1 Torrey Pines | 1.71 | 1.74 | 182 | 1.96 | 1.00 | 1.00 | 0.99 | 0.99
211 10 Gilroy 187228 | 252 | 254|098 | 097|097 | 0.96

For Tq, the R? values fall between 0.70 and 1.00 and RMSE values range between 1.0 °C and 5.4
°C (Table 4-4). The 5-day forecasting performance is worse than for other forecast periods, and Tq
tends to have lower R? and higher RMSE at stations with higher elevation, i.e. the weather stations
at Camino (847 ma.s.l), Bishop (1271 ma.s.l) and Alturas (1343 m a.s.l.). The Torrey Pines station
is located on the Pacific Coast and it “is affected by the movement of the marine layer across the
site” as indicated in the station description on the CIMIS web site
(https://cimis.water.ca.gov/Stations.aspx). The Torrey Pines station has one of the best Tq4 forecasts

of all the 15 stations in this study.
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Table 4-4. Root mean square error (RMSE) and coefficient of determination (R?) for the

comparisons between measured and forecast dew point temperature (Tq).

RMSE (°C) R?
Station ID ET, zone Station hame 1d 3d 5d 7d 1d 3d 5d 7d

2 16 Five Points 162 | 262 | 342 | 3.28 | 0.98 | 0.96 | 0.92 | 0.93
5 15 Shafter 239 | 317 | 3.27 | 3.34 | 098 | 0.96 | 0.97 | 0.97
6 14 Davis 168 | 149 | 197 | 1.83 | 0.99 | 0.99 | 0.98 | 0.98
13 13 Camino 421 | 352 | 544 | 532 | 097 | 096 | 0.85 | 0.88
35 14 Bishop 271 | 3.85 | 438 | 427 | 0.79 | 0.77 | 0.70 | 0.74
39 12 Parlier 166 | 267 | 268 | 3.17 | 0.99 | 0.97 | 0.98 | 0.96
64 3 Santa Ynez 149 | 238 | 341 | 268 | 0.99 | 0.98 | 0.97 | 0.97
75 4 Irvine 1.05 | 0.95 | 2.07 | 1.30 | 1.00 | 1.00 | 0.99 | 1.00
77 8 Oakville 204 | 261 | 3.08 | 3.29 | 098 | 0.98 | 0.98 | 0.98
78 9 Pomona 104 | 132 | 222 | 201 | 1.00 | 0.99 | 0.99 | 0.99
87 18 Meloland 408 | 398 | 3.74 | 401 | 095 | 093 | 093 | 0.93
90 7 Alturas 229 | 254 | 267 | 264 | 0.72 | 0.87 | 0.85 | 0.86
171 6 Union City 270 | 162 | 283 | 1.88 | 0.99 | 0.99 | 1.00 | 1.00
173 1 Torrey Pines | 1.45 | 1.17 | 1.32 | 1.50 | 1.00 | 1.00 | 0.98 | 0.98
211 10 Gilroy 235|299 | 3.02 | 3.12 | 0.99 | 0.99 | 0.97 | 0.96

Forecasting wind speed is more complicated than other weather variables, due to the intermittent
and unstable nature of the wind (Tascikaraoglu and Uzunoglu 2014; Wang et al. 2014; Wang et al.
2017). However, the wind speed results are good (Table 4-5) with R? values ranging between 0.66
and 0.98 and RMSE values ranging from 0.6 to 3.7 m s™*. The wind speed forecast performance
was variable for the different lead times and no clear trend with forecast time appears from the data

analysis. Interestingly, the 1-day wind speed forecast was worst of the four forecast periods.
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Table 4-5. Root mean square error (RMSE) and coefficient of determination (R?) for the

comparisons between measured and forecast 2-m wind speed (uz).

RMSE (ms?) R?

Station ID | ETozone | Station name | 1d 3d 5d 7d 1d | 3d | 5d | 7d
2 16 Five Points 092 | 1.26 | 0.82 | 0.74 | 0.91| 0.85 | 0.93 | 0.94
5 15 Shafter 079 | 113 | 1.12 | 1.13 | 092 | 0.82 | 0.87 | 0.89
6 14 Davis 113 | 1.17 | 090 | 0.79 | 0.87 | 0.86 | 0.91 | 0.92
13 13 Camino 0.76 | 0.70 | 0.60 | 0.71 | 0.94 | 0.95 | 0.98 | 0.95
35 14 Bishop 258 | 1.04 | 1.05 | 1.03 [ 080 0.83 | 0.83 | 0.83
39 12 Parlier 079 | 1.04 | 091 | 094 |0.87|0.82|0.85|0.87
64 3 Santa Ynez 254 | 1.29 | 091 | 095 [ 0.89|0.77 | 0.73 | 0.71
75 4 Irvine 094 | 113 | 121 | 1.20 | 090 | 0.77 | 0.73 | 0.71
77 8 Oakuville 212 | 142 | 062 | 061 [0.75|0.71 | 0.92 | 0.91
78 9 Pomona 187 | 092 | 119 | 1.17 | 0.87 | 0.83 | 0.68 | 0.87
87 18 Meloland 141 | 1.32 | 154 | 1.63 | 0.81|0.85|0.79 | 0.74
90 7 Alturas 224 | 078 | 1.25 | 1.27 | 0.81| 0.87 | 0.66 | 0.68

171 6 Union City 373 | 141 | 0.83 | 0.82 | 0.75| 0.70 | 0.78 | 0.77
173 1 Torrey Pines 164 | 091 | 0.89 | 1.05 | 0.96 | 0.86 | 0.87 | 0.78
211 10 Gilroy 119 | 159 | 1.73 | 1.82 | 0.88 | 0.73 | 0.90 | 0.89

The solar radiation (Rs) comparisons are summarized in Table 4-6. The NWS does not forecast
solar radiation, but they do forecast cloud cover, which is then used to estimate solar radiation Rs.
The Rs analysis show large variability with R? values ranging between 0.21 and 0.87 and RMSE
between 1.5 and 6.7 MJ m2 dL.

Overall, comparisons between measured and forecast weather parameters are satisfactory with a
slight overestimation of Tx and T, and a slight underestimation of T4 and Rs. The u2 shows a large

variability during the entire study period.
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Table 4-6. Root mean square error (RMSE) and coefficient of determination (R?) for the

comparisons between measured and forecast solar radiation (Rs).

RMSE (MJ m2d?) R?

Station ID ET, zone Station name 1d 3d 5d 7d 1d 3d 5d 7d
2 16 Five Points 288 | 260 | 3.01| 3.01| 053| 059| 051 | 0.58
5 15 Shafter 283 | 240 | 213 | 269 | 044 | 051 | 055 0.51
6 14 Davis 271| 241 | 204 | 151 | 046 | 055| 0.71 | 0.87
13 13 Camino 211 199 | 163 | 206 | 0.59 | 0.65| 0.76 | 0.72
35 14 Bishop 337 | 332 | 257 | 3.24| 055| 052 | 0.72 | 0.62
39 12 Parlier 231 | 208 | 215| 263 | 0.45| 0.48| 0.52 | 0.49
64 3 Santa Ynez 498 | 476 | 538 | 518 | 0.37 | 0.42| 0.44 | 0.37
75 4 Irvine 5.82| 598 | 6.12 | 5.73| 0.49 | 0.48| 0.49 | 0.46
77 8 Oakville 271 268 | 2.74 | 264 | 044 | 0.46 | 050 | 0.45
78 9 Pomona 391 | 346 | 339 | 391 | 0.34| 042 | 056 | 0.44
87 18 Meloland 450 | 4.77 | 552 | 448 | 030 | 0.26 | 0.29 | 0.28
90 7 Alturas 396 | 410 | 3.69 | 3.26 | 0.49 | 0.48| 0.62 | 0.65

171 6 Union City 406 | 459 | 411| 3.79| 032 | 0.35| 0.52 | 0.49
173 1 Torrey Pines 6.38| 6.22 | 6.67| 6.39| 0.21| 0.38| 0.40 | 0.27
211 10 Gilroy 285| 291 | 310 | 3.00| 0.35| 0.35| 0.34 | 0.36

4.3.2.Comparison of daily and 24 hourly ET, using CIMIS data

Because FRET employs a daily equation for ET, and CIMIS uses an hourly equation and sums the
24 hourly ET, calculations to compute daily ET,, a comparison between daily ET, computed from
both hourly and daily CIMIS data was conducted to determine how much difference in ET, might
be due to using the hourly and daily equations. The results are summarized in Table 4-7. The R?
values for CIMIS data from using hourly versus daily data are between 0.83 and 0.98 and the
RMSE values are between 0.2- and 0.5-mm d* for all stations except the station in Meloland, which
has an R? = 0.6 and an RMSE of 1.3 mm d.. This station is located below sea level in the Low
Desert region within a large irrigated area having variable wind speeds and a high chance of
advection. The extreme local environment makes it difficult to accurately estimate ET, with the
PM equation (e.g., Irmak et al. 2005). Across all the 15 selected stations, the R?> and RMSE values
are quite good considering the ET, values ranged between 1- and 14-mm d. The good results

obtained from this comparison indicate that a daily equation can provide ET, values that are
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comparable to ET, computed as the sum of 24 hourly ET, calculations. Therefore, if the NWS

forecast weather data are accurate, accurate ET, forecasting is also possible.

Table 4-7. Root mean square error (RMSE) and coefficient of determination (R?) for the

comparisons between sum-of-hourly ET, and daily ET, values from CIMIS.

Station ID ET, zone Station name RMSE (mm d?) R?
2 16 Five Points 0,27 0.91
5 15 Shafter 0,26 0.91
6 14 Davis 0,22 0.96
13 13 Camino 0,19 0.97
35 14 Bishop 0,50 0.96
39 12 Parlier 0,26 0.89
64 3 Santa Ynez 0,20 0.94
75 4 Irvine 0,29 0.97
77 8 Oakville 0,47 0.94
78 9 Pomona 0,35 0.95
87 18 Meloland 1,52 0.60
90 7 Alturas 0,52 0.89

171 6 Union City 0,31 0.95
173 1 Torrey Pines 0,18 0.98
211 10 Gilroy 0,42 0.83

4.3.3.Comparison of ET, from FRET with ET, from CIMIS

The daily FRET ET, forecast values provided by the NWS were compared with sums of 24-hourly
ET, values retrieved from CIMIS. Figure 4-3 shows plots of FRET vs. CIMIS ET, for the month
of July for all the forecast periods. July is usually the warmest month in California and the one with
the highest crop irrigation requirements. The graphs show that there is a good agreement for all the
15 selected stations, ranging from low (Torrey Pines), to moderate (Oakville), and high (Meloland)
evapotranspiration demand. Despite the variability in wind speed and solar radiation forecasts, the
comparisons between the ET, values from FRET and CIMIS showed a good match. The results
indicate that the FRET daily ET, equation is robust and smooths out errors related to the input
variables. Figure 4-3 also shows that the 7-day ET, forecast was nearly as good as the 1-day
forecast, and the 3-day and 5-day forecasts were slightly better. This contrasts with the findings of

Perera et al. (2014) who indicated a declining accuracy of ET, forecasts for longer lead-times in
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Fig. 4-3. Comparison between the FRET ET, and the CIMIS ET,, for all the 15 selected CIMIS
stations in July 2019. The four graphs refer to different lead-times, i.e., 1, 3, 5 and 7- day,

respectively.

Australia. This might be due to more predictable summer weather in California. Table 4-8 shows

the slope of the least square regression line and R? for the comparisons between CIMIS ET, and
FRET ET, for all months. The R?> and RMSE values are similar to those for July (Fig. 4-3).
Appendix A shows plots of FRET vs. CIMIS ET, for the months of June and August for all the

forecast periods. Tables 4-9 and 4-10 show the statistical indicators considering all the data together

for each station and lead-time.
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Table 4-8. Slope of the regression line and coefficient of determination (R?) for the comparisons
between CIMIS ET, and FRET ETo,.

Month 1d 3d 5d 7d
slope R? slope R? | slope R? slope R?
June 1.03 0.94 1.01 0.94 1.02 0.92 1.06 0.90
July 1.05 0.87 1.01 0.80 1.02 0.92 1.02 0.86
August | 1.05 0.81 0.996 0.75 1.03 0.83 1.01 0.82

Table 4-9. Root mean square error (RMSE) and coefficient of determination (R?) for the
comparisons between CIMIS ET, and FRET ETo.
RMSE (mm d?) R?

Station ID | ET,zone | Station name 1d 3d 5d 7d 1d | 3d | 5d | 7d
2 16 Five Points 0.62 0.65 0.60 0.60 10.99/0.99/0.99(0.99
5 15 Shafter 0.78 0.81 0.84 0.92 10.99/0.99/0.99(0.99
6 14 Davis 0.54 0.67 0.70 0.77 10.99|/0.99(0.99|0.99
13 13 Camino 1.07 1.13 1.13 1.24 |1.00{1.00|1.00|1.00
35 14 Bishop 0.97 1.18 1.03 1.13 |0.99/0.98|0.98|0.98
39 12 Parlier 0.72 0.68 0.96 0.77 10.99|0.99(0.98|0.98
64 3 Santa Ynez 0.66 0.69 0.78 0.93 (0.99|/0.99(0.98|0.97
75 4 Irvine 1.13 1.01 1.04 0.96 |0.96|0.97|0.97|0.97
77 8 Oakville 0.54 0.63 0.61 0.57 10.99/0.99/0.99|0.99
78 9 Pomona 0.77 0.64 0.75 0.82 10.99/0.99/0.98|0.99
87 18 Meloland 1.52 1.48 1.66 145 10.97|0.97|0.96|0.97
90 7 Alturas 0.64 0.82 0.65 0.74 10.99|0.98|0.99|0.98
171 6 Union City 0.65 0.65 0.60 0.65 |0.98|0.98|0.99|0.98
173 1 Torrey Pines 0.89 1.09 0.94 0.83 |0.95|0.94|0.93|0.95
211 10 Gilroy 0.63 0.76 0.85 0.97 10.99|0.98(0.98|0.97

The coefficient of determination R? ranges between 0.9 and 1.0, while RMSE is mostly less than 1

mm d*. The poorest results were obtained for the station located in Meloland (Low Desert region

in southern California), with RMSE around 1.5-1.7 mm d, and ET, ranging from 2 to 12 mm d.
The MAE (Table 4-10) has values lower than the RMSE (Table 4-9), but the values are well

correlated between the two statistics and both indicate that the FRET forecast ET, error is generally

small relative to the magnitude of the measured ET,. The Coefficient of Residual Mass (CRM) is

positive and nearing zero on most times. A positive value of CRM indicates the tendency of the

"81




Chapter 4

Table 4-10. Statistical indices Mean Absolute Error, (MAE) and Residual Mass Coefficient (CRM)
for the comparisons between CIMIS ET, and FRET ETo.

MAE (mm d?) CRM
Station ID ET, zone | Station name 1d 3d 5d 7d 1d 3d 5d 7d

2 16 Five Points 0.46 0.47 0.47 048 | 0.04 | -0.01 | 0.03 | 0.02
5 15 Shafter 0.65 0.65 0.67 0.73 0.08 | 0.06 | 0.08 | 0.09

6 14 Davis 0.39 0.50 0.52 0.52 0.03 | -0.01 | 0.01 | 0.00
13 13 Camino 1.01 1.04 1.02 1.11 0.15 | 0.15 | 0.14 | 0.15
35 14 Bishop 0.73 0.94 0.77 0.87 | -0.10 | -0.13 | -0.10 | -0.13
39 12 Parlier 0.61 0.54 0.69 0.66 | 0.08 | 0.05 | 0.07 | 0.09
64 3 Santa Ynez 0.54 0.55 0.62 0.72 0.03 | -0.02 | 0.00 | 0.03
75 4 Irvine 0.96 0.83 0.80 0.74 | 0.09 | 0.09 | 0.08 | 0.09
77 8 Oakville 0.40 0.50 0.49 0.45 | -0.38 | -0.46 | -0.35 | -0.30
78 9 Pomona 0.63 0.47 0.55 0.60 | 0.06 | 0.01 | 0.00 | 0.01
87 18 Meloland 0.90 0.84 1.11 1.04 | 0.02 | -0.03 | 0.03 | 0.03
90 7 Alturas 0.50 0.58 0.49 0.58 | 0.06 | -0.04 | 0.00 | -0.01
171 6 Union City 0.50 0.52 0.46 0.49 0.06 | 0.03 | 0.04 | 0.03
173 1 Torrey Pines 0.74 0.83 0.81 0.71 0.11 | 0.06 | 0.07 | 0.07
211 10 Gilroy 0.53 0.61 0.72 0.80 | 0.03 | 0.01 | 0.03 | 0.03

model to underestimate the measured data. There are only two stations with a negative CRM,
namely Bishop (the mountain range site) and Oakville (Napa Valley). Bishop has the highest
elevation of the 15 stations, and it consistently has the lowest Tq4 of any location with Tq< 0 °C often
even during summer. It is extremely dry, and this might explain why the forecast ET, might exceed
the observed ET,. Oakville is in the heart of Napa Valley wine county, and it has considerable
weather variation from day-to-day due to its proximity to the ocean and surrounding mountains.
This may lead to large variations in humidity depending on the wind direction and that might
explain why the FRET forecast is exceeding the observed ETo. While there is no clear reason for
why FRET slightly underestimates the observed ET, at most of the stations or overestimates at
Bishop and Oakville, it is most likely due to the NWS forecasts not perfectly representing weather

data collected over irrigated grass fields.
4.4.Sample irrigation schedules using FRET ET, forecasts

4.4.1.Using FRET ET, to schedule agricultural irrigation

This section provides guidelines on how to develop weekly irrigation schedules using forecast ET,

data for a micro-irrigated nut orchard and a sprinkler-irrigated vegetable field. Since irrigation
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scheduling based on forecast ET, is not a common procedure amongst specialty crop growers, this
section is included in the article to illustrate the use of FRET ET, data to plan irrigation schedules
for up to seven days in the future. These sample schedules are developed by integrating ET.
estimated using forecast ET, and crop coefficient (K¢) values with information on soil infiltration
rate, water holding capacity, water application rate, distribution uniformity, and grower-defined
frequency and water application set times. Sample schedules are prepared at the end of each week
(Friday) to book water deliveries from an irrigation district, and the irrigation schedules are passed
on to the farm irrigation crew for execution during the following seven days (Saturday through
Friday).

The FRET ET, forecast is used for calculating ET. and estimating soil water depletion below field
capacity. The required gross irrigation depth is determined from the estimated water depletion in
the effective rooting zone and the system distribution uniformity to optimize the application
efficiency and refill the low quarter (Eq) after each irrigation. The amount of water to apply
depends on distribution uniformity of the irrigation system (drip, micro-sprinkler, sprinkler) as well
as the irrigation timing, flow rate, and set-time. Eq represents the percentage of gross water applied
that is beneficially utilized to meet the crop consumptive use. For microirrigation, Eq is calculated
as the mean low quarter volume of irrigation water per unit area infiltrated and stored in the root
zone. According to Keller and Bliesner (2000), Eq is primarily a function of the water distribution
uniformity (DU), but it also depends on minor losses (runoff, leaks, filters and line flushing, and
drainage), unavoidable losses to deep percolation (due to soil wetting pattern and untimely rainfall),
and avoidable losses resulting from poor irrigation scheduling. For well-watered crops, adequately
maintained and properly operated microirrigation systems, and accurately scheduled irrigation, Eq

approximates the system DU.

In general, dividing the soil water depletion by the DU (instead of by Eg) provides an estimate of
the water depth that will infiltrate into the low quarter of an irrigated field. In this way, the low
quarter of the field will receive sufficient water to return to field capacity and maintain good
production, while the remainder of the field will receive more than sufficient water to refill the soil

to field capacity.

The input information needed to develop an irrigation schedule for the upcoming week and the

details about irrigation timing and maximum gross water depth to apply are indicated below:
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1. Weekly ET, (mm) obtained summing up the daily forecast ET, from FRET for the next seven
days.

2. Weekly or bi-weekly values of K. for the current time period and crop stage.

3. Available water holding capacity of the soil (Wa, mm m™) from the site-specific soil survey or
from tabulated values for the identified soil type (e.g., Table 4-12).

4. Effective crop root depth, Ze (m) (e.g., Table 4-13).
5. Maximum allowable depletion (MAD, %) for the crop (e.g., Table 4-13).

6. Basic soil infiltration rate (IRs, mm h*) from the site-specific soil survey or from tabulated
values for the identified soil type (e.g., Table 4-14).

7. Tree spacing (Ts, m?).

8. Average application rate of the irrigation system (AR, mm h) from the system’s performance
evaluation or calculated from flow measurements (flow meter) and the area irrigated, or from
tabulated values (e.g., Table 4-15).

9. Maximum recommended number of operation hours for the irrigation system (IOmax < 16

hours day™).

10. Distribution uniformity (low quarter DU) of the irrigation system (%) from the system’s

performance evaluation.

The distribution uniformity of the low quarter (DULg) is a measure of how evenly water soaks in

across a field and infiltrates into the soil root zone. DU_q is calculated with Equation 4-12:

mean of low quarter applied depth

overall mean of applied depths

where the “mean of the low quarter applied depth” is the mean of the lowest 25% of application
depth measurements, and the “overall mean of applied depths” is the mean of all application depth

measurements.

The limit of 16 hours per day for irrigation system operation provides for a few down-time hours,

which are necessary for irrigators and field personnel to trouble-shoot the irrigation system when
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problems occur, or in case some equipment and components malfunction, fail or get damaged, thus

requiring timely fix.

Table 4-11 shows the main input data, as well as the calculated gross irrigation requirements (GIR),
the gross irrigation depth (Dg), the gross volume (Iv) and the irrigation set time duration (Ip) for a
dual-line drip irrigated pistachio orchard and a sprinkler irrigated onion field located in the southern
portion of the San Joaquin Valley of California for viable irrigation frequencies for a sample week
during mid-August 2019. The sample schedules for pistachio account for tree spacing and density
(Ts, m?), while the schedule for sprinkler irrigated onion refers to a crop canopy covering about
100% of the planted area. The sample schedule for pistachio demonstrates either two or three
irrigations per week, whereas the sample schedule for onion considers three irrigations per week
or daily irrigations for the 6-day working week. The pistachio and onion irrigation schedule
derivations are discussed below, while the values of input parameters related to weather, soil and

irrigation system’s performance, as well as the calculation results are all reported in Table 4-11.
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Table 4-11. Irrigation scheduling examples using FRET ET, information for drip irrigated
pistachio, sprinkler-irrigated onion, and sprinkler-irrigated turfgrass for a sample week of mid-

August 2019.
Data Acronvm Dual-line Hand-move Sprinkler
y Drip Pistachio | Sprinkler Onion | Turfgrass
Weekly ET, (mm), from FRET FRET ET, 48.0 57.1 45.6
Weekly mean crop coefficient for the current time period (and Ke 0.86 1.20 0.80

crop stage)

Net Irrigation Requirement (mm) NIR 41.3 68.52 36.5

Basic soil infiltration rate (mm h*) from soil survey (or from

reference tables, e.g., Table 4-14) Rs 50 95 10.0
T o ey T g ool
Effective crop root depth (m) (e.g. Table 4-13) Ze 15 0.45 05-1.0
Maximum allowable depletion for the crop (%) (e.g. Table 4-13) MAD 50 30 50
Percentage wet area by the irrigation system (%) Pw 40 100 100
Tree spacing (m?) Ts 6x5 - -

Average application rate of the irrigation system, (mm h-1) from
the irrigation system’s performance evaluation (or from AR 1.27 3.20 11.00
reference tables e.g. Table 4-14 and Table 4-15)

Distribution uniformity of the low quarter of the irrigation

system (%) from the system’s performance evaluation DUte 0.92 0.80 0.75
Gross Irrigation Requirement (mm) GIR 45.0 85.6 48.6
Volume of water to apply per tree per week (I tree’* week™?) Vw 1350 - -
THREE IRRIGATION EVENTS PER WEEK

Gross depth of water to apply per irrigation (mm) Da (2-day) 15.0 28.5 -
Irrigation VVolume per tree per irrigation (I tree %) IV (2-day) 450 - -
Irrigation duration (h) 1D (2-day) 12 9 -
TWO IRRIGATION EVENTS PER WEEK

Gross depth of water to apply per irrigation (mm) D (3-day) 22,5 - -
Irrigation VVolume per tree per irrigation (I tree?) IV (3-day) 675 - -
Irrigation duration (h) ID (3-day) 17.5 - -
TWO IRRIGATION CYCLES PER DAY

Gross depth of water to apply for the 2-cycles frequency (mm) | Dg (2-cycles) - - 35
Irrigation duration (min) Ib (2-cycles) - - 21
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Table 4-12. Average available water holding capacity (TAW) for various soil textures

General descrips't(i)cl)lntype Texture class Soil water holding capacity, Wa (mm m)
coarse sand 42
light, sandy fine sand 75
sandy loam 100
fine sandy loam 125
medium, loamy loam 150
silt loam 167
clay loam 183
heavy, clay clay 200
peat/muck 500

Note: Table is modified from U.S. Bureau of Reclamation, AGRIMET Irrigation Guide website
(https://www.usbr.gov/pn/agrimet/irrigation.html)

Table 4-13. Effective root depth (Ze) and maximum allowable depletion (MAD) for different crops.

Crop Average root depth, Ze (m) | MAD (%)
alfalfa 2.4 55
pasture 0.8 50

turf 0.5 50
small grains 14 55
beans 0.9 40
corn 1.7 50
potatoes 11 40
sugar beets 1.2 50
cotton 15 55
orchards 2.4 50-65
grapes 1.8 65

Note: Table is modified from U.S. Bureau of Reclamation, Agrimet Irrigation Guide website

(https://www.usbr.gov/pn/agrimet/irrigation.html)
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Table 4-14. Suggested maximum irrigation application rates (AR) for average soil, slope, and tilth.

Soil type Maximum water application rate (mm h) at slope (AR < IRg)
0-5% 5-8% 8-12%
Coarse sandy soil 38.1-50.8 25.4-38.1 19.1-254
Light sandy soil 19.1-25.4 12.7-20.3 10.2-15.2
Silt loam 7.6-12.7 6.4 -10.2 3.8-76
Clay loam, clay 3.8 25 2.0

Note: Table is taken from NRCS (1984)

Table 4-15. Average water application rates (AR) of different irrigation systems

System Average Application Rate, AR (mm h?) *
Surface Irrigation 10-11
Sprinkler Irrigation 3.0-3.8
Micro-sprinkler 0.75-1.27
Drip Irrigation 0.25-0.75

“Values of application rates are taken from technical catalogs of irrigation manufacturers.

4.4.1.1.Sample irrigation schedule for a dual-line drip irrigated pistachio orchard

The following example describes a stepwise procedure for preparing an irrigation schedule for a
dual-line drip irrigated pistachio orchard near Hanford, California (southern portion of the San
Joaquin Valley) using the information from Table 4-11. The procedure also applies to other

irrigation systems.

a) Max gross depth of water per irrigation (Dg max), calculated with Equation 4-13:

_ MADXWy X Py XZg _ 0.50 X 183 X 0.40 X 1.5 _

Dg max = Eq = > = 59.7 mm = 60 mm (4-13)

where Pw is the percentage of the ground area wetted by the dual drip system (40%) and Eq is the
water application efficiency for the low quarter. For well-water conditions, the DULq value is
commonly used as Eq. If DULg from the irrigation system’s performance evaluation is not
available, the use of realistic Eq values from reference tables is recommended (e.g., Table 4-16).

The maximum gross depth of water per irrigation (De max) is a limit value that should not be
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exceeded when scheduling irrigations, as it represents the maximum depth of applied water that
the effective root zone can store and make available for tree water use. Any applied water above
this maximum limit may result in deep percolation and water loss, which will make irrigation less
efficient and thus decrease the water productivity. To irrigate efficiently, during the irrigation

season it is highly recommended to apply irrigation water in amounts less or equal than Dg max.

Table 4-16. Ranges of potential application efficiency of the low quarter (Eq) for well-designed

and well-managed irrigation systems

Irrigation method/system Rotential L(_)vy-quarter
Application Efficiency, Eq (%)
Sprinkler
LEPA 80-90
Linear move 75-85
Center pivot 75-90
Travelling gun 65-75
Side-roll 65-85
hand-move 65-85
Solid-set 70-85
Surface
Furrow (conventional) 45-65
Furrow (surge) 55-75
Furrow (with tailwater reuse) 60-80
Basin 60-75
Precision level basin 65-80
Drip
Bubbler (low head) 80-90
Microspray 85-90
Micro-point source 85-90
Micro-line source 85-90
Surface drip 85-95
Subsurface drip 90-95

Note: Table is taken from Howell (2003)

b) Recommended irrigation set time or duration (Ip rec)

The recommended set time (Ip rec) is calculated based on the maximum gross depth of water to
apply per irrigation (De max) and the basic soil infiltration rate (IRg), according to Equation 4-14.
In other terms, the recommended irrigation duration is the time required to infiltrate the maximum

gross depth of applied water per irrigation, considering application rates by the irrigation system
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that are lower than or equal to the basic soil infiltration rate, in order to avoid water logging and

runoff.

D 60
IDREC :%:Xzaz 12 h (4'14)

Ip rec indicates the limit set time that should be considered when irrigating, as it represents the
irrigation duration compatible with the capacity of the soil to infiltrate and store water, and the
maximum irrigation water that should be applied per irrigation to pursue resource-efficient water

management.

It is important to ensure that the application rate (AR) of the irrigation system is less than the soil
basic infiltration rate (IRg). This guarantees that the entire amount of irrigation water applied by
the irrigation system is infiltrated into the effective root zone, thus avoiding inefficiency. In this
specific example, the application rate of the irrigation system (AR = 1.27 mm h') is much lower
than the soil basic infiltration rate (IRg = 5.0 mm h™t). This is a good configuration and indicates a
careful design of the drip irrigation system. It also means that the actual duration of irrigation events
can easily be extended longer than Ip rec. However, even when AR is much lower than IRg, it is
important not to exceed 16 hours of irrigation system operation per day in order to leave a few

down-time hours for trouble-shooting and repairs.

c) Computation of weekly net (NIR) and gross irrigation requirements (GIR).

The NIR and GIR are calculated using the Equations 4-15 and 4-16:

NIR = ET, — Rey; (4-15)
GIR =& (4-16)
Eq

where ET¢ is crop evapotranspiration and Resr is effective rainfall.

Since there was no rain for the considered period, Rett = 0. Hence, NIR = ET. and GIR = NIR/ Eq
= ET¢/Eq, where ET¢ = ETo x Kc. The bi-weekly values of K¢ for mature micro-irrigated pistachio,
which are reported in Table 4-17, were developed from a recent study on evapotranspiration of
well-watered micro-irrigated pistachio conducted by researchers from the University of California
between 2016 and 2019 (unpublished data).
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Table 4-17. Bi-weekly values of K¢ for mature micro-irrigated pistachio from the UC research
study of 2016-2019 (unpublished data)

Period K. pistachio
1-15 Apr 0.37
16-30 Apr 0.59
1-15 May 0.79
16-31 May 0.82
1-15 Jun 0.89
15-30 Jun 0.89
1-15 Jul 0.90
15-31 Jul 0.84
1-15 Aug 0.86
15-31 Aug 0.86
1-15 Sep 0.82
15-30 Sep 0.78
1-15 Oct 0.62
16-31 Oct 0.59

Since the sample irrigation schedule refers to mid-August, a value of K¢ = 0.86 was used along
with FRET ET, =48 mm, which led to an estimated ET. value of 41.3 mm. Given that in this case
NIR is assumed equal to ET¢ and Eq ~ DULg, considering DULg = 0.92 from the irrigation system’s
performance evaluation, then GIR = 41.3 mm/0.92 = 44.9 mm, which can be rounded up to 45.0
mm. It is worth noting that in this specific case GIR is lower than Dg max (45.0 mm < 59.7 mm).
Thus, the GIR amount could be applied in a single irrigation event or with multiple irrigations over
the course of the seven days following the schedule development, according to the grower’s

preference.
d) Calculation of volume of water to apply per tree per week (Vw)

The weekly volume of water to apply per tree equals is calculated with Equation 4-17, i.e., it is
obtained from the product of the weekly gross irrigation requirement (GIR) and the tree spacing

product (Ts) in square meters. In this example, Ts =6 m x 5 m = 30 m?:
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V,y = GIR x Ts = 45.0 X 30 = 1350 L tree™! week™?! (4-17)

e) Selection of the irrigation frequency (Ir) and calculation of the actual irrigation duration (Ip)

or set time

Typically, the grower or farm manager decides on a suitable irrigation frequency (I¢) based on
labor availability, shifts of the irrigators, and on availability of water supply. Field personnel are
necessary to operate the irrigation system and oversee the correct execution of the irrigation
schedule. Generally, farm personnel work six days a week, so the weekly irrigation schedule must
be completed within six workdays. In this example, it is considered that the water amount
corresponding to the weekly gross irrigation requirement (GIR) of pistachio (45.0 mm) can be
applied in three irrigations (one irrigation every two days) or in two irrigations (one irrigation every

three days). In both cases, the weekly GIR can be applied within the six workdays of the week.

Three irrigations per week

The total weekly GIR = 45.0 mm is divided in three equal irrigation events, during which a gross
irrigation depth of Dg (2-day) = 15 mm is applied. This corresponds to a volume per tree of: lv (2-day)
=15mm x 6 mx 5m =450 L tree’’. The duration (Ip) of each irrigation event (one every two days)
is calculated considering the total amount of water to apply per irrigation (15 mm) and the
application rate (AR) of the dual-dripline irrigation system (1.27 mm hl) as: Ip (2-day) = 15 mm /1.27
mm h=12 h. In summary, one irrigation of 12 hours is necessary every two days to apply the

weekly GIR of 45.0 mm, which is necessary to meet the trees’ evapotranspiration needs.

Two irrigations per week

In this case, the total weekly GIR = 45.0 mm is divided in two equal irrigation events, during which
a gross irrigation depth of Dg 3-day) = 22.5 mm is applied. This corresponds to a volume per tree of:
lv (3-day) = 22.5 mm x 6 m x 5 m = 675 L tree’t. The duration (Ip) of each irrigation event (one every
three days) is calculated considering the total amount of water to apply per irrigation (22.5 mm)
and the application rate (AR) by the dual-dripline irrigation system (1.27 mm h) as: Ip 3-day) =
22.5/1.27 mm h't = 17.7 h, which can be rounded down to 17.5 h. In summary, one irrigation of
17.5 hours is necessary every three days to apply the weekly GIR of 45.0 mm to meet the trees’

evapotranspiration needs.
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The calculations above indicate that the irrigation frequency of three days (one irrigation every
three days) requires 17.5 hours of irrigation system operation per each irrigation event, which
slightly exceeds the 16-hour maximum irrigation operation per day recommendation. Adjustments
to Ir and operating hours (Ip) are possible based on information from soil moisture monitoring and
tree water status. For instance, if the soil moisture sensors show that soil has some residual moisture
from the last irrigation, then the farm manager may decide to postpone the first irrigation of next
week by a day or two. Alternatively, the farm manager can split the total gross irrigation
requirement (GIR) of 45.0 mm into two non-equal irrigation events and apply a smaller amount of
water with the first irrigation, and a larger amount of water with the second irrigation, or vice versa,

thus tailoring irrigation amounts to the actual soil water and/or tree water status.
4.4.1.2.Sample irrigation schedule for a hand-move sprinkler-irrigated onion field

This example illustrates an irrigation schedule prepared for an onion field located in Five Points,
California (southwestern portion of the San Joaquin Valley) using input information from Table 4-
11, for a week of early August 2019. In this field, onions are grown on a silt loam soil (Wa =170
mm m?; IRg = 9.5 mm h') with a hand-move solid-set sprinkler system. The hand-move system
consists of sprinklers set at the regular spacing of 9 m by 12 m that wet 100% of the cropped area,
with an average application rate AR = 3.2 mm h and DU = 0.80, which are both determined

from the irrigation system’s performance evaluation.

The sample schedule considers a weekly FRET ET, forecast of 57.1 mm, and a K. value of 1.20
for early August from a UC study (unpublished data), which results in NIR = 68.5 mm for the next
7 days.

a) Max gross depth of water per irrigation (Dg max):

MAD X Wp X Py X Z 0.30 X 170 X 1.0 X 0.45
D = A WTE — = 28.7 mm (4-18)
G MAX Eq 0.80

Any irrigation water application above 28.7 mm may result in deep percolation and water loss,
making irrigation less efficient. Generally, during an irrigation season, it is highly recommended

to apply irrigation water in amounts less than or equal to Dg max.

b) Recommended irrigation set time or duration (Ip rec)
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Given that Dg max = 28.7 mm and the silt loam soil has a basic soil infiltration rate IRg = 9.5 mm

h, the recommended irrigation duration (Ip rec) is calculated according to Equation 4-19 below:

Iprec = SH4% =22 =3.0h (4-19)

An irrigation set time of 3 hours is compatible with the capacity of the silt loam soil to infiltrate
and store water, with a basic soil infiltration rate of 9.5 mm h, and the application of maximum

gross water depth of 28.7 mm in order to achieve efficient water management.

In this specific case, the sprinkler system has an application rate AR = 3.2 mm h’, which is
considerably lower than the soil basic infiltration rate IRg = 9.5 mm h1. This ensures that the total
water applied by the irrigation system is infiltrated into the root zone, which minimizing

inefficiencies and water loss.

c) Computation of weekly gross irrigation requirements (GIR)
Assuming that no rain is expected within the next 7 days, Reff = 0 and Equation 4-20 is used for

calculating the weekly gross irrigation requirement:

GIR =8 = 82 _ g5 6 mm (4-20)
Eq 080

where NIR = ET¢ - Rest

Since no rain is expected, NIR = ET; and GIR = NIR/ Eq = ETc/Eq. Because NIR = ET¢and Eq ~
DULg, if DULq = 0.80 from the irrigation system performance evaluation, then GIR = 68.5 mm/0.80
= 85.6 mm.

It is worth noting that, in this specific case, the weekly GIR is larger than Dg max (85.6 mm > 28.7
mm). Consequently, a single GIR application is not recommended. Instead, multiple irrigations

over the course of the next seven days are needed to avoid wasteful water application.

d) Selection of the irrigation frequency (Ir) and calculation of the actual Irrigation Duration (Ip)

or set time

In this example, the water amount corresponding to the weekly GIR of sprinkler-irrigated onion
(85.6 mm) is applied in three equal irrigation events (one irrigation every two days) over the six
workdays of the week. At each event, a gross irrigation depth of Dg (2-day) = 28.5 mm is applied,
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which is compatible (slightly lower) with the calculated maximum gross irrigation depth (Dg max
=28.7 mm).

The duration (Ip) of each irrigation event is calculated considering the total amount of water to
apply per irrigation (28.5 mm) and the application rate (AR) of the hand-move sprinkler irrigation
system (3.2 mm h) as: Ip 2-day) = 28.5 mm /3.2 mm h1 =8.9 h~ 9 h. In summary, one irrigation
of 9 hours is necessary every two days to apply the weekly GIR of 85.6 mm that meets the onion
field evapotranspiration needs.

In this case, the grower can tailor the timing and frequency of irrigations on the basis of soil
moisture monitoring instead of irrigating at regular 2-day intervals of equal application depths.
Alternatively, the grower can opt to irrigate six times per week with a Dg = 14.3 mm and Ip = 4.5
h for each irrigation. Choosing daily irrigation over the course of a 6-day working week would
probably lead to higher soil evaporation as a consequence of the frequent, light irrigation, which

would decrease the irrigation efficiency and water productivity.

4.4.2.Using FRET ET, to schedule urban landscape irrigation

The last column of Table 4-11 shows information for sprinkler irrigation scheduling for turfgrass
in urban environment (gardens, sport facilities). Many management aspects are similar for
agricultural and urban irrigation scheduling. However, differences in plant materials, micro-
climates and irrigation systems make urban management somewhat more complicated (Glenn et
al. 2015; Kjelgren et al. 2016).

Turfgrass is one of the more common urban landscape plants, and considerable water resources are
used to maintain turfgrass for its pleasant appearance and utility as a surface for athletic activities
and recreation (Monteiro 2017). Proper irrigation management of turfgrass can contribute
significantly to reducing unrecoverable water and energy losses (Leinauer et al. 2010). One of the
biggest problems in urban irrigation is to have a good estimate of ET,, which represents the
atmospheric water demand for the prevailing climate conditions and affects the actual water
consumption for the evapotranspiration process. Urban areas generally have considerably more
micro-climates than agricultural areas, and it is often difficult to find a site that provides the
conditions needed to determine a representative ET,, and it is even more difficult to represent

microclimates within the urban areas (Litvak and Pataki 2016). One advantage from using FRET
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is that a reasonably accurate estimate of ET, is possible in an urban setting where it is difficult to
find a good weather station location to quantify ET,. In fact, as indicated in previous sections,
FRET ET, is estimated from weather forecasts rather than from typical weather stations. Hence,
ET, forecasts come from an already established service, which lowers considerably the costs

related to installation and maintenance of weather stations.

Commercial irrigation sprinklers for turfgrass are designed to apply water with high volume and
high frequency, which allows for irrigation that is typically applied every one to four days with
high application rates so that the entire landscape is irrigated in a relatively short period of time
(Leinauer and Smeal 2012). Commonly, turfgrass is irrigated at night or in the morning around
sunrise when wind speeds tend to be low and human landscape use is minimal. Information needed
to schedule turfgrass irrigation is similar to that necessary for agricultural irrigation, and includes:
1) representative ET, data; 2) accurate crop coefficient (K¢) values, which differ mainly for the
grass types; 3) the available soil water holding capacity (Wa); 4) the effective root depth (Zg); 5)
the maximum allowable depletion (MAD); 6) the basic soil infiltration rate (IRg); 7) the distribution
uniformity of the low quarter (DULq) of the sprinkler system; and 8) the irrigation application rate
(AR).

When using ET, data from a near-real-time network for frequent turfgrass scheduling, it is
necessary to input the sprinkler zone set times into a controller after midnight when the daily ET,
rate from the previous day becomes available. This is inconvenient for a turfgrass superintendent
who really needs a forecast ET, for the current day to accurately set the controller and replace the
current day water loss on the following morning. Also, turfgrass superintendents typically do not
reset their controllers daily, but rather set them for several days in advance by anticipating daily
water losses based on observed ET, rates from previous days or from climate data. Daily ET, rates
can change dramatically from week-to-week in some areas, so using forecast ET, should improve
irrigation management in climates with variable ET, rates. Clearly, knowing the forecast daily ET,
rates for a few days in advance will allow superintendents to set their controller(s) for irrigating
sprinkler zones more efficiently with adequate water to maintain good quality turfgrass and a high
application efficiency. If the ET, forecast is accurate, it should lead to better irrigation

management.
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Table 4-18 provides an example for how to schedule daily irrigation using FRET ET, where the
turfgrass is wetted twice each day (two cycles) to give the most efficient irrigation. Table 4-19
shows the fixed cycle set times required for two irrigation cycles per day on 1, 2, 3, 4, 5, and 6 days
per week so that the total applied water is the same as for the daily irrigation shown in Table 4-18.
Table 4-18 shows a sample irrigation schedule for cool season turfgrass with K¢ = 0.80 and seven
days of FRET ET,. The days 0-6 correspond to forecast days 1-7 from FRET since the ET, for the
current day is the first forecast day and 6 days later is the seventh forecast day. Typical mid-summer
values for ET, (mm d) from an arid climate are input into the second column. The K is listed in
the third column with the calculated daily crop ETc = ETo X K¢ (mm d?) in the fourth column. This
example assumes a distribution uniformity value for sprinkler system of DULq = 0.75 and the daily
gross water depth to apply (Dg) is calculated as Dg = ETc/DULq (assuming no rain occurs) and
expressed in mm d1. Dividing ET¢ by the DU_q leads to a mean depth of water equal to ET. being
applied to the low quarter of the irrigated field so that the low quarter can receive sufficient water
to refill the soil water depletion back to field capacity at each irrigation. Most of the field will
receive more water than needed to refill the soil. This example assumes an application rate of AR

=11 mm ht, and the daily set times (hours) are computed as Ip = Dc/AR.

Turfgrass irrigation systems are often operated to cycle through all of the sprinkler zones multiple
times. This practice allows for applied water to soak into the soil in-between wetting of each zone.
This is done to reduce surface runoff onto hardscapes and to maintain the application efficiency
(and DULg) as high as possible. In this example, two cycles were applied on each day in Table 4-
18 and Table 4-19, and it is assumed that total time for all cycles within a day is equal to the total
set time for the day. Therefore, a day that requires 42 min runtime to refill the low quarter would
need two 21-minute cycles. Clearly, increasing the number of cycles decreases the cycle set times.
Therefore, the number of required cycles is determined by increasing the number of cycles, which
decreases the cycle set time, until a cycle set time is reached where there is minimal runoff.
Depending on the available irrigation controller, it is possible to vary the water application in
response to differences in daily ET. as shown in this example. For optimal scheduling, the
procedure is used to develop a forecast daily schedule from the 7-day FRET ET, forecast. Because
FRET ET, typically improves for shorter forecast periods, it is advisable to input updated FRET
forecast data as the week progresses to improve accuracy.
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Table 4-18. An example of a cool season turfgrass daily irrigation schedule with 2 cycles per day using FRET ETo.

. Daily Daily Set time | Set time
Da Fo;lszast Projected Fog_:ast Cumulated DU DS'Iy Cu(;ng late AR (mm set set Cyecrle per per Cumulated
Y ° Ke ¢ ETc (mm) 0 © ¢ h1) time, Io | time, Io | P cycle cycle | set time (h)
(mm) (mm) (mm) (mm) ) (min) day (h) (min)
0 6.3 0.80 5.0 5.0 0.75 6.7 6.7 11.0 0.61 37 2 0.31 18 0.61
1 7.3 0.80 5.8 10.9 0.75 7.8 14.5 11.0 0.71 42 2 0.35 21 1.32
2 6.6 0.80 53 16.2 0.75 7.0 21.5 11.0 0.64 38 2 0.32 19 1.96
3 5.2 0.80 4.2 20.3 0.75 55 27.1 11.0 0.50 30 2 0.25 15 2.46
4 5.9 0.80 4.7 25.0 0.75 6.3 33.4 11.0 0.57 34 2 0.29 17 3.04
5 7.0 0.80 5.6 30.6 0.75 7.5 40.9 11.0 0.68 41 2 0.34 20 3.71
6 7.3 0.80 5.8 36.5 0.75 7.8 48.6 11.0 0.71 42 2 0.35 21 4.42

Table 4-19. An example of a cool season turfgrass irrigation schedule for a fixed number of days per week with 2 cycles per day on 1
through 6 days per week using FRET ET, so that the total AW is the same as for the Table 4-18 daily schedule.

ETo per . ETc per T Daily set | Daily set . Set time Weekly
Ds\)//eseﬁer irrigation PrO{gcted irrigation | DULq De peznlqrnrql)gatlon AR (mm h?) | time, Io | time, Ip Cé)r/c(;zs Sect t(;lr:ihp)er per cycle | settime
(mm) ¢ (mm) (h) (min) | Peroay Y (min) (h)
6 7.6 0.80 6.1 0.75 8.1 11.0 0.74 44 2 0.37 22 4.42
5 9.1 0.80 7.3 0.75 9.7 11.0 0.88 53 2 0.44 27 4.42
4 11.4 0.80 9.1 0.75 12.2 11.0 111 66 2 0.55 33 4.42
3 15.2 0.80 12.2 0.75 16.2 11.0 1.47 88 2 0.74 44 4.42
2 22.8 0.80 18.2 0.75 24.3 11.0 2.21 133 2 1.11 66 4.42
1 45.6 0.80 36.5 0.75 48.6 11.0 4.42 265 2 2.21 133 4.42
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It is a common practice for turfgrass superintendents to delay irrigation and then apply more water
to force plant roots deeper in the soil to reduce the chance of water stress adversely impacting the
grass appearance. While Table 4-18 shows the development of a daily irrigation schedule with two
cycles on each day, Table 4-19 shows how to determine a schedule based on FRET ET, by using
the same weekly total Dg as in the daily schedule but applying irrigation on fewer days. Table 4-
19 shows the calculation of a fixed set time for the input number of cycles and number of days per
week (left-hand column) so that it has the same weekly D on fewer days. When using Table 4-19,
it is important to check the set time per cycle (min.) for each of the number of days per week to
determine if the set time is likely to result in wasteful runoff or not. For example, the set time per
cycle of Table 4-19 shows 22 minutes for six days of irrigation and two cycles per day. If 22
minutes is unlikely to result in runoff, it is common to use six days and two cycles per day. For
five days per week, the cycle runtime is 27 minutes, which might result in runoff, which will make
it unacceptable. Likewise, few days with two cycles per day would all likely have runoff. Increasing
from two to three cycles per day would decrease the set time per cycle to 22 minutes or less for
four, five, and six irrigation days, so using three cycles per day would be adequate to minimize
runoff of four-six irrigation days. If the schedule was changed to four cycles per day, then using
three irrigation days per week or more would be adequate to minimize runoff. Having fewer than
three irrigation days per week would require more than four cycles per day, so irrigation on one or
two days per week is likely to be inefficient.

4.5.Conclusion

The main objective of this work was to evaluate the accuracy of using daily weather forecast data
provided by the NWS to estimate reference evapotranspiration (ET,) in California for irrigation
scheduling purposes. FRET ET, data were compared against data from 15 CIMIS stations sited in
locations characterized by different microclimatic conditions. The selection of the 15 CIMIS
stations was based on California ET, zone map and Kdppen classification.

The first step was the evaluation of the quality of the meteorological data forecasted from NWS
and used for the calculation of ET, as compared with the data measured by the CIMIS
agrometeorological stations. Overall, the results were good for maximum and minimum air
temperature, dew point temperature and wind speed, while less accurate results were obtained for

solar radiation.
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The second step was evaluating the quality of the FRET ET, forecasts with 1, 3, 5, and 7-day lead-
times. The comparison with CIMIS ET, showed that the Penman-Monteith equation is rather robust
as it decreased the errors resulting from inaccurate solar radiation estimation and the effect of wind
speed variability. These results demonstrate that FRET provides a good alternative to using near-
real-time weather station networks. The statistical indices utilized revealed that the model
performed well, as the errors are of the same magnitude of ET, estimation error in most of the
stations and microclimates considered for this study. Errors are larger mainly when the
measurement station is located in mountain areas, where the prediction of solar radiation is more
complicated than other parameters.

Finally, some sample irrigation schedules developed using FRET ET, were provided to illustrate
the use of forecast ET, alongside with soil hydraulic properties and irrigation system’s performance
parameters to optimize water applications for specialty crops and urban landscape. Using FRET
can improve water scheduling at the field level and water management at the irrigation district level
by producing site-specific irrigation schedules and allowing to predict the irrigation water demand
for the next 7 days ahead. This will help to prevent crop water stress and over irrigation caused by
the use of weather data from the current CIMIS weather stations, as well as the possible mismatch
between water demand and deliveries. In addition, it is easy for farmers, irrigation practitioners,
water resource planners and managers, to obtain and use FRET ET, data. Since the NWS provides
FRET data free to the public, the cost is greatly reduced relative to developing and maintaining a
network of weather stations to provide near-real time ET, data. The service provided by NWS via
FRET is reliable and it is easy to extend the use of FRET ET, to other agricultural production
regions and urban regions characterized by similar climatic conditions as those considered in this
research. Further work is needed to evaluate the accuracy of FRET in climatic conditions not
similar to California.

Sample irrigation schedules using FRET ET, are presented for a pistachio orchard with dual-line
drip irrigation, onions with hand move sprinklers, and turfgrass with frequent high application rate
popup sprinklers. The procedures to determine the weekly ET. from FRET ET, were presented for
the crops and turfgrass, and the steps needed to compute the number of sets and set runtimes based
on distribution uniformity and soil properties were discussed. Using FRET improves the ability to
adjust irrigation for variations in ET, and for actual soil and plant water status, and the sample

schedules present the methodology to make these improvements.
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Fig. Al. Comparison between the FRET ET, and the CIMIS ET,, for all the 15 selected CIMIS
stations in June 2019. The four graphs refer to different lead-times, i.e., 1, 3, 5 and 7- day,

respectively.
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5. General Conclusion

Evapotranspiration (ET) is a key process in the hydrological cycle, yet its determination is prone
to many uncertainties due mainly to the physiology and structure of plants, weather conditions and
data quality and availability. These uncertainties affect the accuracy and reliability of crop water
demand estimations, necessary for irrigation scheduling and hydrological modeling purposes. A
key objective of the thesis has been to provide insights into some challenges of evapotranspiration
estimation, mainly the performance of ET, forecasts and the importance of modeling the effect of
changes in CO: levels on reference evapotranspiration. These challenges have been identified
through literature review in Chapter 1 and in more detail in the introduction section of the

respective chapters.

Chapter 2 showed the knowledge gaps in the ET modelling when it comes to accounting and the
effect of the continuous increase in CO- levels due to climate change. The review explored different
attempts to module this particular phenomenon and discussed their different advantages and

disadvantages.

Subsequently, Chapter 3 describes a case study that was conducted in different locations in Emilia-
Romagna in northern Italy, using a modification of the canopy resistance component of the FAO-
PM equation. Results demonstrated that the fertilization effect of CO> was able to attenuate to a
certain extent the effect of increasing air temperature on ET, in the studied locations. The case
study also showed that the recurrent data availability issue related to the FAO-PM equation could
be solved using climate reanalysis as an alternative data source. As a future step, this work could
be replicated in other regions of Italy or the world and extended to the “end of the century” scenario,
when important increases in temperature are projected to occur over Emilia-Romagna and globally.
The use of reanalysis data could also allow mapping evapotranspiration in the region, which is

useful for agricultural, ecological and water resources management studies.

Finally, Chapter 4 assessed weather forecasts from the California National Weather Services
(NWS), specifically ET, (FRET) and weather variables used for its calculation. Overall, the
comparison with measurements from weather stations of the California Irrigation Management
Information System (CIMIS) gave good results with different performances, according to the
location and microclimate of the considered weather station. Results were good particularly for the
comparison of ET, demonstrating that FRET provides a viable alternative to using near-real-time
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weather station networks. The findings of Chapter 4 are important to farmers and water managers
as they present an easier and more economical solution for irrigation management that could be
applied in different microclimates, similar to those shown in this study. Since the evaluation was
done only during summer, a possible next step would be testing the NWS forecasts during other
seasons. The study could also be replicated in other US states or in different countries with similar
or even different microclimate types as those present in California. Since one of the objectives of
this work was to introduce FRET to a wider public, a natural next phase would be to apply FRET

in Emilia-Romagna and Italy.

The findings of this thesis are important in better understanding the soil-plant-water-atmosphere
relationships necessary for reliable ET estimation in hydrological and water resources studies. The
observations and conclusions obtained from the research delineate some of the underlying issues
in the estimation of evapotranspiration. Resolving these issues needs further improvement and
implementation of strategies for the collection of critical information on ET and increasing
monitoring capabilities, from local to global scale. Despite some unavoidable uncertainties, the
approaches used in this work are a potential contribution to decision support tools for decision
makers in the agricultural water management and policy fields, particularly in the Emilia-Romagna
and similar other regions where the scarcity of data is forcing researchers to use empirical equations
rather than the FAO-PM to estimate ET, (Villani et al. 2011; Nistor and Porumb 2015; Nistor et
al. 2016; Cervi and Nistor 2018; Nistor and Mindrescu 2019). Indeed, the approaches employed
can be a valuable, affordable and reliable source of data for irrigation planning and climate change
impact assessment, since they provide meteorological variables at a high resolution of around 10
km and less, which is the resolution required to use hydrological models without resorting to
downscaling (Boé 2007), thus excluding an additional source of uncertainties. Moreover, high
spatial and temporal resolution ET, data in irrigated fields, when associated with land-use maps
can be useful for determining irrigation needs for large areas and evaluating the efficiency of water
allocation plans. In addition, ET, projections can help assessing regional climate change scenarios

particularly relative to droughts and floods.

Finally, it is important to state that this work does not advocate for the replacement of observed
data from weather stations by products such as reanalysis and NWP models. Weather stations will

continue to provide the best estimate of surface weather data at the local and regional scales and
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there are many fundamental reasons to keep on supporting a strong network of quality weather
stations. The results provided in this study using ERA5-Land and FRET show that models have
likely reached the point where they can reliably complement observations from weather stations

and provide reliable proxies, at least in California and Emilia-Romagna regions.
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