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ABSTRACT 

Water scarcity is nowadays one of main world issues, and because of the climate 

change projections, it will be more important in future. The first step is to compute how 

much water crops need relative to climate conditions, in order to estimate the depth of 

storage water required to satisfy future agricultural water demand. In this study, starting 

from the computation of the regional map of reference evapotranspiration (ETo) zones 

from climate station data points, the impact of climate changes on crop irrigation 

requirement in Sardinia was estimated. The SIMETAW# model was used to quantify 

the actual and future irrigation requirement for some economically important crops for 

the region, considering an integrated approach that accounts for soil, crop management, 

and irrigation system data. The model provided detailed information about the crop 

water demand by the ETo zones. This approach presented possible adaptation strategies 

and demonstrated a sustainable way for water savings, improving irrigation 

management, and water productivity. 

 

RIASSUNTO 

La carenza idrica è attualmente uno dei problemi più sentiti a livello mondiale, e 

a causa delle proiezioni del cambiamento climatico, lo sarà ancor di più in futuro. 

Calcolare la richiesta idrica colturale in relazione alle condizioni climatiche è il primo 

passo utile per la stima del volume idrico necessario per soddisfare le future esigenze 

del comparto agroalimentare. In questo studio, partendo dalla realizzazione della mappa 

regionale dell‘evapotraspirazione di riferimento (ETo) utilizzando dati punto stazione, è 

stato stimato l‘impatto del cambiamento climatico sulla richiesta irrigua colturale in 

Sardegna. La domanda irrigua attuale e futura di alcune colture economicamente 

importanti per la regione è stata quantificata attraverso l‘applicazione del modello per la 

stima del bilancio idrico del suolo SIMETAW#. Attraverso un approccio integrato che 

tiene conto delle caratteristiche del suolo, della gestione colturale e del sistema di 

irrigazione utilizzato, il modello ha fornito informazioni dettagliate sulla richiesta idrica 

colturale nelle diverse aree ETo. Tale approccio ha consentito l‘applicazione di possibili 

strategie di adattamento che hanno dimostrato essere una soluzione sostenibile per il 

risparmio idrico, migliorando la gestione irrigua ed incrementando la produttività 

dell‘acqua. 
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CHAPTER 1: INTRODUCTION  

Water is the most important resource for life. Water has been the main issue on 

the international agenda for the last 30 years, starting with the 1
st
 International 

Conference on Water (Mar de la Plata, 1977), following with the International 

Conference on Water and the Environment (Dublin, 1992), to conclude with the 1
st
 

World Water Forum (Marrakech, 1997). Since then, this topic has been considered to be 

increasingly important. 

The concept of water resources is multidimensional, and it goes over the 

physical connotation. In fact, not only the quantity is considered important, measured in 

flows and stocks, but also the quality. Water is a natural and environmental resource 

that acquires a socio-economic connotation. Nowadays, the term ―water‖ is linked to the 

concept of water scarcity, and there are many ongoing studies and projects to assess the 

world water demand and its availability. 

Water is divided in two types of resources: 

 the renewable water resources: the long-term average annual flow of rivers (surface 

water) and groundwater. 

 the non-renewable water resources: groundwater bodies (deep aquifers) that have a 

negligible rate of recharge on the human time scale, and for this reason can be 

considered non-renewable. 

The natural and anthropogenic water cycle is showed in Figure 1, where the total 

amount of precipitation is split between evapotranspiration, surface runoff, infiltration, 

and ground water recharge. Big vertical arrows show the total annual precipitation and 

evapotranspiration over the land and the ocean (1,000 km
3
 yr

-1
), which include annual 

precipitation and evapotranspiration in the major landscapes (1,000 km
3
 yr

-1
) presented 

by small vertical arrows. The direct groundwater discharge, which is globally estimated 

to be about 10% of total river discharge (Church, 1996), is included in river discharge.  
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Figure 1. Global hydrological fluxes (1,000 km

3 yr
-1

) and storages (1,000 km
3
) with 

natural and anthropogenic cycles. (Oki and Kanae, 2006). 

 

Falkenmark and Rockström (2004) defined blue water as the liquid water above 

and below the ground (rivers, lakes, groundwater, etc.), and green water as the soil 

water in the unsaturated zone derived from precipitation. The portion of water that is 

directly used and evaporated by non-irrigated agriculture, pastures, and forests is 

defined as green water. 

Blue and green water are both considered to be renewable resources in the broad 

sense, but only blue water is evaluated in the strict sense.  

Blue water includes natural and actual renewable water resources. Natural 

renewable water resources are the total water resource amounts of a country, both 

surface water and groundwater, which are generated through the hydrological cycle. 

The amount is computed on a yearly basis.  

The method used to assess the renewable water resources by country was first 

described in FAO/BRGM (1996). The method computes the total renewable water 

resources (TRWR) of a country and assess the dependency ratio from neighboring 

countries.  

Internal renewable water resources (IRWR) are the volume of the water 

resources (surface water and groundwater) generated from precipitation within a 

country or catchment: 

IRWR= R + I– (QOUT - QIN)        (1) 
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where:  

R = surface runoff. It is the total volume of the long-term annual average flow  

of surface water generated by direct runoff from endogenous precipitation; 

I = groundwater recharge. It is generated from precipitation within the country; 

QOUT = groundwater drainage into rivers (typically, base flow of rivers); 

QIN = seepage from rivers into aquifers. 

Surface water and groundwater are usually studied separately, even if the two 

concepts often overlap. Surface water flows can contribute to groundwater 

replenishment through seepage in the river bed. Aquifers can discharge into rivers and 

contribute to their base flow, the sole source of river flow during dry periods. 

External renewable water resources (ERWR) are considered resources that enter 

from upstream countries through rivers (external surface water) or aquifers (external 

groundwater resources).  

ERWR are separated into two categories: natural and actual ERWR.  

The natural ERWR are equal to the volume of average annual flow of rivers and 

groundwater that enter into a country from neighbouring countries. 

The actual ERWR take into account the quantity of flow reserved by upstream 

(incoming flow) and/or downstream (outflow) countries through formal or informal 

agreements or treaties. 

Most of the inflow consists of river runoff, but it can also consider groundwater 

transfer between countries. Therefore, the actual resource takes into account the 

resources shared with neighbouring countries (geopolitical country constraints). 

Unlike the natural ERWR, the actual ERWR vary with time and consumption 

patterns; therefore, it must be associated to a specific year.  

The total renewable water resources are the sum of IRWR and ERWR. 

All these parameters facilitate the analysis of how different countries depend on 

the water resources of their neighbours. The dependency ratio of a country is an 

indicator that expresses the part of the water resources originated outside the country as: 

 

   

        
            (2) 

with: 

IWR= SW
1

IN + SW
2

IN + SWPR + SWPL + GWIN    (3) 
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where: 

IWR= total volume of incoming water resources from neighbouring countries. 

IRWR= internal renewable water resources; 

SW
1

IN= volume of surface water entering the country that is not submitted to  

treaties; 

SW
2

IN= volume of surface water entering the country that is secured through  

treaties; 

SWPR= accounted flow of border rivers; 

SWPL= accounted part of shared lakes; 

GWIN= groundwater entering the country. 

A country with a dependency ratio equal to zero does not receive any water from 

neighbouring countries. While a country that possesses a dependency ratio equal to 

100% receives all its water from outside without producing any. 

The total water resources in the world are estimated in the order of 43,750 km
3
 

yr
-1 

distributed throughout the world. At the continental level, America has the largest 

share of the world‘s total freshwater resources with 45%, followed by Asia with 28%, 

Europe with 15.5 %, and Africa with 9% (FAO, 2003a). In terms of resources per 

inhabitant in each continent, America has 24,000 m
3
 yr

-1
, Europe 9,300 m

3
 yr

-1
, Africa 

5,000 m
3
 yr

-1
,
 
and Asia 3,400 m

3
 yr

-1
 (FAO, 2003a). 

The world map of IRWR (Figure 2) shows the most critical situations all over 

Africa and the Middle East, with IRWR values that range from 0 to 150 mm yr
-1

. 

 

 
Figure 2. World map of internal renewable water resources (IRWR) per country (FAO, 2003a). 
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Such sources are taken into consideration separately from natural renewable 

water resources. They include: 

 the reuse of urban or industrial wastewaters (with or without treatment) 

mostly in agriculture, but increasingly in industrial and domestic sectors; 

 the production of freshwater by desalination of brackish or saltwater (mostly 

for domestic purposes). 

Despite the vast amount of water on the planet, the balance between water 

demand and water availability has reached a critical level in many areas of the world. 

This is due to a misuse of the water resources, but also to the impact of climate change. 

The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report 

declares that climate change is expected to exacerbate the current stress on water 

resources by population growth and economic and land-use change, including 

urbanization. In relation with the scenarios described in the IPCC Special Report on 

Emissions Scenarios (SRES, 2000), changes in precipitation and temperature lead to 

changes in runoff and water availability that affect crop productivity (IPCC, 2007a). 

As pointed out by Bates et al. (2008), climate model simulations for the 21
st
 

century are consistent in projecting precipitation increases at high latitudes and parts of 

the tropics, and decreases in some subtropical and lower mid-latitude regions (Figure 3). 

 

 
Figure 3. Relative changes in precipitation (in percent) for the period 2090-2099, relative to 1980-1999. 

Values are multi-model averages based on the SRES A1B scenario for December to February (left) and 

June to August (right). White areas are where less than 66% of the models agree in the sign of the change 

and stippled areas are where more than 90% of the models agree in the sign of the change (IPCC, 2007a). 

 

FAO (2011) declared that crop productivity is predominantly weather based, 

rather than determined by long-term climate, and the following changes are the factors 

that affect it: 
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 changes in mean weather (temperature and rainfall); 

 changes in variability or distribution of weather; 

 combination of changes in the mean and changes in its variability.  

The rising atmospheric CO2 concentration, associated with higher temperature, 

changes with precipitation patterns. Altered frequencies of extreme events will have 

significant effects on crop production (Figure 4). As a result, consequences for water 

resources and pest/disease distributions are expected. In fact, melting of winter snow 

and reduced storage of precipitation as snow causes a reduction in water availability. 

Moreover the sea level rise affects low lying coastal areas, and the intrusion of saline 

water influences the quality of freshwater aquifers. 

 

 
Figure 4. The agricultural production cycle as impacted by climate change (FAO, 2011). 

 

 

The following changes have been declared in IPCC (2007a): 

 depending on the SRES emission scenario and climate models considered, global 

mean surface temperature is projected to rise in a range from 1.8°C (with a range 

from 1.1°C to 2.9°C for SRES B1) to 4.0°C (with a range from 2.4°C to 6.4°C for 

A1) by 2100; 
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 many semi-arid areas (e.g., the Mediterranean Basin, western United States, 

southern Africa, and north-eastern Brazil) will have a greater frequency of 

droughts; 

 the decrease in water resources due to climate change in drought-affected areas are 

projected to increase in extent, with the potential for adverse impacts on multiple 

sectors, e.g. agriculture, water supply, energy production, and health. In Asia, the 

large contiguous areas of irrigated land that rely on snowmelt and high mountain 

glaciers for water will be affected by changes in runoff patterns, while highly 

populated deltas are at risk from a combination of reduced inflows, increased 

salinity, and rising sea levels; 

 there is a high probability that in the future, heavy rainfall events will increase in 

many regions, even where the mean annual rainfall is projected to decrease. In 

addition, the increase of the frequency and severity of floods and droughts poses 

challenges to society, physical infrastructure, and water quality. It is likely that up 

to 20% of the world population will live in areas where river flood potential could 

increase by the 2080s; 

 runoff is projected with high confidence to increase by 10 to 40% by mid-century at 

higher latitudes and in some wet tropical areas (including populous areas in East 

and South-East Asia), and decrease by 10 to 30% in some dry regions at mid-

latitudes and in dry tropics, due to the decrease in rainfall and higher rates of 

evapotranspiration. 

The physical, chemical, and biological properties of freshwater lakes and rivers 

will also be affected by the increase in temperature. This change is predicted to 

negatively impact many individual freshwater species, community composition, and 

water quality. 

An increase of evaporative demand from crops, as a result of higher temperature, 

and the reduction of water availability in regions affected by falling annual or seasonal 

precipitation, means a reduction in crop yield and agricultural productivity where 

temperature constrains crop (FAO, 2011). On the other hand, current research confirms 

that crops would respond positively to elevated levels of CO2 in the absence of climate 

change (e.g., Kimball et al., 2002; Jablonski et al., 2002; Ainsworth and Long, 2005). 

The direct effect of CO2 enrichment on plant growth and development, also called the 
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CO2 fertilization effect, has generally a positive effect on crop yield (Idso and Idso, 

1994). In fact, the increase of CO2 concentration reduces the stomatal conductance and 

transpiration rates (Olesen and Bindi, 2002). Moreover, the combination of increased 

water use efficiency and root water uptake capacity modifies the relative crop yield 

response to elevated CO2 (Tubiello and Ewert, 2002). 

Precipitation and soil moisture are important factors that hinder crop production, 

even though the increase in atmospheric CO2 concentration counteracts the negative 

effect, potentially causing the crops to be less water stress sensitive (Brown and 

Rosenberg, 1997; Singh et al., 1998). Changes in precipitation patterns, intensity and 

frequency of extreme events, soil moisture, runoff, and evapotranspiration fluxes have 

already been observed, and more important changes are expected for the future (Bates et 

al., 2008). Sillmann and Roeckner (2008) estimated that extreme precipitation is 

projected to increase significantly in most regions of the world, especially in those 

regions that are already relatively wet under present climate conditions. Analogously, 

dry spells are expected to increase, particularly in those regions that are characterized by 

dry conditions in the present-day climate, such as European regions (Figure 5). 

 

 
Figure 5. Simulated land average maximum number of consecutive dry days for different European 

regions (1860–2100) (Sillmann and Roeckner, 2008). 

 

Nowadays, 12% of the land surface is used for cultivation, and another 22% is 

used for pastures and rangelands (Leff at al., 2004). Shiklomanov (1997) estimated that 

the agricultural sector uses two-thirds of the world water withdrawals, which accounts 

for 90% of the total water consumption in the world in the period from 1961 to 2004. 

On the world average, agriculture is the largest water user sector, accounting for 

approximately 70% of the total water withdrawals (Johnson et al., 2001).  

FAO (2003a) reported that more than 80% of global agricultural land is rain-fed; 

irrigated land, representing a mere 18% of global agricultural land, produces 1 billion 
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tonnes of grain annually, or about half the world‘s total supply. This is because yields of 

irrigated crops are on average 2–3 times more than their rain-fed counterparts. As 

pointed out by Shiklomanov (1998), the smallest values for specific water withdrawals 

are observed in northern Europe, and they are between 300-5,000 m
3
/ha, while in 

southern and eastern European countries, they amount to 7,000-11,000 m
3
/ha. In the 

USA, the specific water withdrawal for irrigation is estimated to be between 8,000-

10,000 m
3
/ha. In the countries of Asia, Africa, Central and South America, where there 

is a great variety of climatic conditions, crop composition, and watering techniques, the 

values for specific water withdrawal range from 5,000 - 6,000 m
3
/ha to 15,000 - 17,000 

m
3
/ha. The biggest values for specific water withdrawal are observed in regions of 

Africa (20,000-25,000 m
3
/ha). 

Such water-stressed basins are located in northern Africa, the Mediterranean 

region, the Middle East, the Near East, southern Asia, northern China, Australia, the 

USA, Mexico, north-eastern Brazil, and the west coast of South America (Figure 6). An 

increase in irrigation water demand, particularly in the aforementioned countries, is 

projected as a result of climate change. 

 

 

Figure 6. Examples of current vulnerabilities of freshwater resources and their management; in 

the background, a water stress map based on WaterGAP (Alcamo et al., 2003a). 

 

Fischer et al. (2007) estimated that irrigation water requirements are expected to 

increase over 50% in developing regions, and by about 16% in developed regions. 
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Estimations of irrigation water requirements were computed from 2000 to 2080, with 

the largest relative increases occurring in Africa (+300%) and Latin America (+119%).  

Populations estimates for such water-stressed basins range between 1.4 billion 

and 2.1 billion (Vörösmarty et al., 2000; Alcamo et al., 2003b; Oki et al., 2003; Arnell, 

2004). About 7% of the world‘s population lives in areas affected by water scarcity 

(Fischer and Heilig, 1997), and the situation will be exacerbated by 2050 (Figure 7 a, b). 

 

 
Figure 7. Global water scarcity now (a) and in 2050 (b). Red is used for regions that present less than 

1,000 m
3
 per person per year, orange between 1,000 and 2,000 m

3
 per person per year and blue for value 

greater than 2,000 m
3
 per person per year (data from Fischer and Heilig, 1997; source: Wallace, 2000). 

 

Africa and the Middle East possess the most critical values of annual renewable 

freshwater resources. In fact, according to Wallace (2000), populations in the North-

Africa belt (from Morocco to Egypt, including Sudan) had less than 1,000 m
3
 of water
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per hectare per year in 2000, whereas populations in the Middle East and Southern 

Africa had between 1,000 to 2,000 m
3
/ha per year. The estimates made by Wallace for 

North, East, and South Africa, and the Middle East, determines that the available water 

per capita will drop below 1,000 m
3 

per capita per year before 2050. Moreover, as 

estimated by Roetter and Van Keulen (2008), the median population growth projection 

for 2025 is 7.8 billion, compared with the present 6.4 billion; the highest projection is 

8.3 billion, while the lowest projected population is 7.3 billion. For the year 2050, the 

average projection is around 9 billion. In Asia, the population will grow by 650 million 

people between now and 2025, indicating an annual growth rate of approximately 1%. 

Therefore, it can be assumed from the growth rate that a higher food demand shall be 

expected in the future, which will have a direct effect on water usage in agriculture.  

Rijsberman (2006) reports that the International Water Management Institute 

(IWMI) estimated that a 29% increase in the amount of irrigated land will be required 

by the year 2025 under a base scenario that included optimistic assumptions on 

productivity growth and efficiency. FAO (2002a, 2003b, 2003c) and Shiklomanov 

(1998) had comparable results. FAO (2000) estimated a 34% increase in irrigated area 

and a 12% increase in irrigation diversions. Shiklomanov (1998) projected a 27% 

increase in irrigated diversions. 

A significant relationship between renewable water resources of a country and 

the capacity for food production is evident, especially for poor countries and those 

affected by water scarcity. For these countries, the regional water scarcity can be 

alleviated by importing certain commodities, especially food, as agricultural and 

livestock production, that consume great quantities of water (Allan, 1996). This theory 

is well known as the ―virtual water‖ concept. Virtual water is defined as the volume of 

water consumption required to produce commodities traded to an importing or 

exporting nation (or any region, company, individual, etc.). Virtual water takes into 

account both blue and green water. Allan (1997) termed such food imports as ‗‗virtual 

water imports‘‘ due to the fact that they are equivalent to a transfer of water to an 

importing country. Hanasaki et al. (2010) showed that the global virtual water export of 

five crops (barley, maize, rice, soybean, and wheat) and three livestock products (beef, 

pork, and chicken) is 545 km
3 

yr
-1

. Of the total virtual water exports, 61 km
3
 yr

-1
 (11%) 

were blue water (i.e. irrigation water), and 26 km
3
 yr

-1
 (5%) were nonrenewable and 
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nonlocal blue water. North and South America are the major regions from which virtual 

water export flows originate, while East Asia, Europe, Central America, North Africa, 

and West Asia are the major destinations for all water sources (Figure 8). 

 
Figure 8. World map of virtual water exports, total virtual water exports (flows exceeding 10 

km
3
 yr

-1
 are shown), (Hanasaki et al., 2010). 

 

Africa and Asia are considered water-scarce continents because of the high 

concentration of countries affected by this problem (Cosgrove and Rijsberman, 2000; 

Smith et al., 2000). Many countries in these two continents are net importers of cereal 

grains. In the late 1990s, the annual net cereal grains imported into the two continents 

amounted to over 110 million tons, absorbing all the surplus of the rest of the continents 

(FAO, 2002b).  

Cereal imports have played a crucial role in compensating local water deficits. 

Yang et al. (2003) estimated the water resources threshold with respect to cereal imports 

for Africa and Asia. Below the threshold, the demand for cereal import increases 

exponentially with decreasing water resources. This means that in the next 30 years, 

many poor and populous countries will drop below the threshold due to their rapid 

population growth and the depletion of fossil groundwater.  

During the past two decades, irrigated areas expanded relatively rapidly in various 

countries in Africa, including Egypt, Algeria, Libya, and Tunisia (Table 1). With the 

exception of Egypt, where irrigated croplands cover 100% of the total land, the irrigated 

areas range between 7 and 45% of the total cropland in the aforementioned countries. 
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Table 1. Water resources and changes in irrigated areas, 1980–1999. 

 
Source: Yang and Zehnder (2002). Data for water resources are from WRI (2001). Data for irrigation are 

from FAO (2001). Data for the proportion of irrigated area in total cropland are from World Bank (2000). 

 

Yang and Zehnder (2002) observe that in 1998–99, cereal imports accounted for 

52% of the total supply in the six countries combined. Under the baseline scenario, 

cereal demand in the six countries as a whole will increase above the 1998-99 level by 

22% and 38% in 2010 and 2020, respectively. Under a scenario of increased 

consumption, cereal demand will rise above the 1998-99 level by 26% in 2010 and 47% 

in 2020. This means that the international trade in food grains and other agricultural 

products has played and will continue to play a critical role in water-scarce countries. 

Therefore, it will not easy for some countries to meet food demands without importing. 

The import of virtual water poses various questions in relation to the concept of 

―Food Security‖. The World Food Summit of 1996 established that ―Food security 

exists when all people, at all times, have physical and economic access to sufficient, 

safe, and nutritious food to meet their dietary needs and food preferences for an active 

and healthy life‘‘. Three core concepts are at the base of the food security theory: 

1) food availability: the amount of food constantly available; 

2) food access: the ability to have sufficient resources to obtain appropriate foods 

for a healthy diet; 

3) food utilization: it means using appropriate products based on basic knowledge 

of nutrition, water, and adequate sanitary conditions. 

Nevertheless, the necessity of other countries to meet the food requirements of 

their populations creates uncertainties mostly related to the policies of importing 
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countries. In fact, water scarcity related to the food import demand can have an adverse 

impact on the stability of the world food economy. On the other hand, ‗‗virtual water‘‘ 

food imports are a valid way to create economic growth in water-scarce countries, and 

to maximize the value of their limited water supplies.  

The overall conclusion is that a large share of the world‘s population, up to two-

thirds, will be affected by water scarcity over the next several decades (Shiklomanov, 

1991; Raskin et al., 1997; Seckler et al., 1998; Alcamo et al., 1997, 2000; Vörösmarty et 

al., 2000; Wallace, 2000; Wallace and Gregory, 2002). 

As pointed out by Qadir et al. (2003), the sustainable management of available 

water resources at the global, regional, and site-specific level is necessary. The first step 

to achieve this objective is to compute how much water is needed by crops in regards to 

climate conditions. Once the crop water requirement is assessed, the application of 

some easy water management strategies may be valuable for the sustainable utilization 

of water resources. Scheduling irrigation management strategies, modifying agricultural 

practices, and improving irrigation systems are just a few practices that can lead to a 

more efficient agricultural water management. Moreover, the implementation of policy 

measures, followed by the establishment of farmer advisory schemes, could be the key 

for a future agricultural and economic growth in countries affected by water shortages. 

 

1. MEDITERRANEAN WATER SCARCITY 

In the Mediterranean basin, an increase in temperature (1.5 to 3.6°C by the 

2050s) and a decreases in precipitation (about 10 to 20%) are expected, based on the 

climate change projections estimated by the global climate model driven by socio-

economic patterns (IPCC, 2001; Iglesias et al. 2000). The combined effects of warmer 

temperatures and reduced mean summer precipitation would enhance the occurrence 

of heat waves and droughts. Drought events in the Mediterranean basin have been 

already observed, and they have occurred more frequently since 1970 (Vogt and 

Somma, 2000; Wilhite and Vanyarkho, 2000; Hisdal et al., 2001; Iglesias and Moneo, 

2005; Iglesias et al., 2007). More water will be required per unit area under drier 

conditions, and peak irrigation demands are also predicted to rise due to the increased 

severity of heat waves (Parry, 2000). 
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Irrigation is important for crop production in many Mediterranean countries 

because of the high evapotranspiration and restricted rainfall. The demand of water for 

irrigation is projected to rise in a warmer climate, increasing the competition between 

the agricultural and urban sectors, as well as industrial users of water (Arnell, 1999).  

 

1.1. Climate change impact on Mediterranean irrigation requirement 

In the Mediterranean countries, water is not simply important, but absolutely 

essential (Figure 9). Water availability is at present the most significant limiting factor 

for crop yields in the Mediterranean countries, due to pronounced seasonal 

precipitation gradients, generally poor soils with low water holding capacities, and 

extensive water use for irrigation in competition with other sectors of the economy 

(Baric and Gasparovic, 1992; Lindh, 1992). In the estimations reported by FAO 

(1993), agriculture in the Mediterranean accounts for virtually all olive oil produced 

worldwide, 60% of wine production, 45% of grape production, 25% of dried nuts 

(mostly almonds, chestnuts, and walnuts), 20% of citrus production, and about 12% of 

total cereal.  

 

 

Figure 9. Map of the Mediterranean basin countries (Correia, 1999).  

 

Climatically, the Mediterranean region is characterized by mild temperatures, 

with winter-dominated rainfall, and dry summers (Wigley, 1992). Nevertheless, 

climatic conditions may vary significantly, despite some prevailing common 

characteristics (Correia, 1990, 1996). In fact, northern and northeastern countries 
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(Spain, France, Monaco, Italy, Former Yugoslavia, Albania, and Greece) are more 

temperate and humid than southern and southeastern ones (Turkey, Cyprus, Syria 

Lebanon, Israel, Egypt, Libya, Malta, Tunisia, Algeria, and Morocco). Southern 

regions are warmer and drier, with endemic water shortages due to low seasonal 

rainfall and high evapotranspiration rates (Rosenzweig and Tubiello, 1997). Climate 

change projections tend to exacerbate these differences. In the northern areas for 

instance, the benefits of the projected climate change will be limited, while the 

disadvantages will be predominant. Although the increased water use efficiency 

caused by higher CO2 concentration will compensate for some of the negative effects 

of increasing water limitations and extreme weather events, lower harvestable yields, 

higher yield variability, and reduction in suitable areas of traditional crops could be 

expected (Maracchi et al., 2005). Moreover, limited moisture due to increasing 

temperatures and reduced summer rainfall may regionally generate productivity 

decline and reduction of suitable areas for traditional crops. The trends over the past 

25 years in the Mediterranean basin illustrate that in the northern part, wheat yield has 

increased from 2.1 to 2.7 Mg ha
-1

, while a reduction of the total cultivated area of 

wheat was observed (Olesen and Bindi, 2002).  

Under the assumption that a global increase of temperatures is expected in the 

Mediterranean basin (Mannion, 1995), cereal crops requiring periods of vernalization, 

such as winter wheat, could be negatively affected and their productivity reduced 

(Pereira and De Melo-Abreu, 2009). On the other hand, olive and citrus production in 

warmer and drier climates could benefit from increased temperatures by extending 

their cultivation range northward (Morettini, 1972). Bindi et al. (1992), showed that 

the suitable area for olive production in the Mediterranean basin may increase with 

climate warming; moreover, if the current atmospheric CO2 concentration is doubled, 

the suitable area for olive cultivation could be enlarged in France, Italy, Croatia, and 

Greece due to changes in temperature and precipitation patterns. Grapevines are 

another tree crop that require relatively high temperatures, and may be influenced 

positively by the increase of temperature. In any case, a balance between increases in 

temperature, water shortages, and extreme events is required to assess a positive or 

negative impact of climate change.  
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In the Mediterranean countries within Europe, the warming is projected to be 

greatest in summer (from June to August) (Giorgi et al., 2004; IPCC, 2007b). Drier 

climates may lead to greater irrigation requirements and more frequent irrigation 

events for those crops with primary growth during the summer season. 

In the Mediterranean basin, irrigated agriculture has grown more than ten-fold 

in the north part since 1961, but only by 40 % in the south, where crops and soils now 

largely exist in a regime of marginal water supply (FAO, 1993). Water withdrawal by 

the agricultural sector range from 12% in Yugoslavia to 92% in Morocco (Table 2).  

 

Table 2. Freshwater resources and withdrawals in the Mediterranean countries (Source: Correia, 1999). 

 

 

Egypt is particularly affected by climate changes, and the water withdrawal for 

the agricultural sector is round 88%. A simulation study by El-Shaer et al. (1997), 

observed the decrease in potential yield and water use efficiency in wheat and maize in 

the main agricultural regions of Egypt in relation with possible future climatic 

variation, even when the beneficial effects of increased CO2 were taken into account. 

Eid (1994) suggested that, despite CO2 enhancement of crop growth, climate change 

would severely reduce Egyptian maize and wheat yields. 

The water deficit is also acute in the Bekaa Valley (Libanon), where potential 

evapotranspiration exceeds 70% of precipitation (NCRS 1998). Although precipitation 

was not predicted to decrease, the increase in temperature of 0.6 – 2.1°C would impact 

the water balance and reduce the available resources. In the Bekaa Valley, a 15% 
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decrease in available water and 6% increase in irrigation water demand were projected 

by the year 2020, under a dry and hot scenario (Bou-Zeid and El-Fadel, 2002). 

In Spain, a reduction of 17% in nationally available water resources has been 

predicted (Iglesias et al., 2005). The predicted changes are even greater in southern 

Spain. Some authors suggest a reduction in precipitation up to 34% for the 

Guadalquivir basin (Ayala, 2002). Rodríguez Díaz et al. (2007) showed a typical 

increase between 15 and 20% in seasonal irrigation demand by the 2050s in the 

Guadalquivir river basin; moreover, the irrigation seasons are also predicted to be 

longer than at present due to the lower rainfall from April to June. In southern Portugal 

and southern Spain, the yields are predicted to decrease by up to 3 Mg ha
-1

 (Maracchi 

et al., 2005).  

Tubiello et al. (2000) showed that 60-90% more irrigation water was required 

under climate change to keep grain yields of irrigated maize and soybeans in Modena-

Italy at current levels.  

Moreover, in many countries of the Mediterranean region, the quantity of water 

that is available (expressed in terms of mean annual volume per capita) is considered 

an issue, in addition to the uneven distribution of these resources in time and space 

(Correia, 1999). Taking into account that most irrigation water is applied during the 

summer season in Mediterranean countries, which also coincides with the main 

tourism season, a consequential competition between these two sectors is expected. 

Furthermore, climate change impacts on water pose questions not only about the 

amount of future water reduction, but also on water quality. In fact, excessive 

abstraction from coastal aquifers can cause the intrusion of saltwater, diminishing the 

quality of the groundwater and preventing its subsequent use (EEA, 2009).  

 

 

 

 

 

 



 
Noemi Mancosu - Agricultural water demand assessment using the SIMETAW# model. 

Tesi di Dottorato in Agrometeorologia ed Ecofisiologia dei Sistemi Agrari e Forestali - XXV ciclo – Università degli Studi di Sassari 

 

 19 

1.2. The Italian water demand 

Water abstraction in Europe varies by country and sector (Figure 10). In the 

Nordic countries, the water usages are mostly related to the urban and industrial 

sectors. The major water usages in Central Europe are for the urban and energy 

sectors. The most important usage for southern European countries is instead observed 

in the agricultural sector. In general the European agricultural water consumption is 

around 24%, mainly distributed in Italy, Spain, Portugal and France (Figure 11).  

 

 

Figure 10. Total water abstraction in European countries by major uses (EEA, 2000). 

 

 

Figure 11. Water use in Europe countries by sector (EEA, 2009). 
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Water resources are not uniformly distributed over the Italian territory (Figure 

12). The northern region contains 59.1% of the potentially usable water resources, 

whereas the rest of the country accounts for 40.9%. 

 

Figure 12. Regional distribution of potentially usable water resources in Italy as a percentage of 

the total resource (Source: IRSA CNR, 1999). 

 

There are three main rivers in Italy: Po, Arno and Tevere. A study conducted 

by Legambiente in 2008 shows the water consumption for sector for each river. In the 

Po river (located in northern Italy), 95% of superficial water is used for irrigation, 3% 

for domestic purposes, and 2% for industry. Groundwater withdrawal is 47, 33 and 

20% for irrigation, domestic usages, and industry respectively. Even though almost all 

the superficial water resources are used by the agricultural sector, an important 

percentage of water comes from the ground water resource.  

In the Arno river (center of Italy), 63% of superficial water is needed for the 

public water supply, 19% for aquaculture, 17% for irrigation, and only 1% for the 

industry sector. 

In the Tevere river (center of Italy), considering both water sources together, 

37% of water is used for the irrigation supply, 34% for aquaculture, 22% for industry, 

and 15% for the public water supply. 

In Italy, irrigated agriculture contributes more than 50% of the total agricultural 

production, and more than 60% of the total value of the agricultural products (OECD, 

2006). However, the irrigated area encompasses only 21% of total agricultural land in 
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Italy (EEA, 2009). Northern Italy accounts for the maximum water usages for irrigation 

(67%), while the needs of the central and southern parts are 5 and 28% respectively 

(IRSA CNR, 1999). Italy ranks third out of the European countries for water use in the 

agricultural sector, preceded by Greece and Spain, with 80% and 72% respectively 

(Legambiente, 2008). Rivers are the main sources of irrigation water (67%), followed 

by groundwater from wells (27%), and reservoirs (6%) (Todorovic et al., 2007). In 

southern regions of Italy (Campania, Puglia, Sicily and Sardinia), 80% of irrigation 

water is drawn from aquifers, causing serious overexploitation problems (Venezian 

Scarascia et al., 2006). 

In an analysis developed by the National Institute of Statistics (Istat) in 2005, the 

ratio between irrigated area (2.6 million hectares) and irrigable area (2.6 million 

hectares) in Italy was 65.8% (Table 3). 

Table 3. Irrigated and irrigable area by region in Italy (Istat, 2005). 

Region 

Effectively irrigated 

cropland (ha) 

Potentially irrigable 

cropland (ha) 

Irrigared/Irrigable 

(%) 

Piedmont 379,010 459,495 82.5 

Valle D'Aosta 17,219 22,582 76.2 

Lombardy 588,752 707,192 83.2 

Liguria 4,169 7,722 54 

Trentino-Alto Adige 57,044 63,920 89.2 

Veneto 275,178 475,284 57.9 

Friuli-Venezia Giulia 70,997 94,944 74.8 

Emilia Romagna 267,611 556,567 48.1 

Tuscany 51,072 130,566 39.1 

Umbria 28,699 56,327 50.9 

Marches 26,121 48,438 53.9 

Lazio 87,337 154,396 56.6 

Abruzzo 37,490 56,376 66.5 

Molise 12,155 19,468 62.5 

Campania 93,743 124,392 75.4 

Apulia 236,172 361,240 65.4 

Basilicata 47,287 81,450 58.1 

Calabria 81,635 119,911 68.1 

Sicily 179,869 254,974 70.5 

Sardinia 71,849 177,412 40.5 

Total 2,613,409 3,972,656 65.8 

 

Sardinia and Tuscany maintain the lowest ratios, where only 40.5 and 39.1% of 

the total irrigable area was irrigated respectively. 

Regions in the northern part of Italy (Piedmont, Lombardy, Veneto, Emilia 

Romagna, Trentino Alto Adige) have the highest percentages. Those regions are 
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situated in the Po plain, the largest plain in Italy, and the most profitable area for the 

agriculture sector with a high irrigation demand (Figure 13). 

 

 

Figure 13. Average irrigation demand per site (10 x 10 km cell) in the south Europe (1,000 m
3
 

per year and site over a simulation period 1995–2002). Source: EEA, 2009. 

 

In the Po plain, tree crops, vines, and fruit trees in particular, account for 20% of 

the irrigated land (Venezian Scarascia et al., 2006). Fruit tree crops are irrigated almost 

completely in Trentino Alto Adige (93%), while the percentage is lower in other 

regions: 72% in Veneto, Friuli Venezia Giulia, and Basilicata; and 61% in Emilia 

Romagna (Istat, 2002). Data from the agricultural census (2000) shows also that in 

Trentino Alto Adige, vineyards are one of the main irrigated crops (67%). 

Figure 14 gives an idea of the irrigated agriculture in Italy. Citrus crops 

represent the maximum value (86%). Vegetable crops, in general, and potatoes also 

maintain high values, 70 and 67% respectively, while cereals have a low value because 

they are mostly cultivated in rain-fed conditions. 
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Figure 14. Irrigated crops in Italy (as percentage of total cultivated area of each crop) according to the 

census in 2000 (Source: Istat, 2002) 

 

The census data of 2000 also presents an idea of the use of irrigation systems. 

Sprinklers are the predominant system used (42%), followed by furrow irrigation 

(34%), despite the trend over the last decade where the use of drip irrigation has became 

more important than furrow systems (Figure 15).  

 

 

Figure 15. Usege of irrigation systems in Italy (Istat, 2002). 
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Flood irrigation is used in Piedmont and Lombardy for rice production (Figure 

16). In these two regions, furrow irrigation is commonly used; while in Veneto and 

Emilia Romagna, sprinklers are preferred to others system. The utilization of drip 

systems is particularly developed in southern regions (Apulia and Sicily). Taking into 

consideration the provisional data from the last Italian agricultural census (2010) and 

the prior census (2000), the total planted hectares decreased by 2.7% in Italy from 2000 

to 2010. In fact, in 2010 the planted area of potatoes, sugar beets, and energy crops 

diminished by 31, 74 and 40% respectively since 2000. In contrast, forage crop data 

shows a high increase in planted area since 2000 (214%). 

 

 

Figure 16. The most utilized irrigation methods in the Italian regions with the highest 

irrigation surfaces (Todorovic et al., 2007). 

 

1.3. Agricultural water use in Sardinia 

The regional policy planning in Sardinia allocates a large portion of the water 

resources (about 70% of the available freshwater) to satisfy agricultural water 

requirements (Regione Sardegna, 2006). This is equivalent to have 792 Mm
3
 of 

freshwater from an overall potential water use in Sardinia of 1,115 million. More 

specifically, the potential requirements for existing equipped irrigation area is 643 

million of m
3 

per year, while an additional 149 Mm
3 

per year are estimated as the 

requirements of potential irrigation installations in the near future. 
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Irrigation in Sardinia covers a total potential irrigable area equal to 185,916 ha, 

even if only about 49% of the potentially irrigable cropland is effectively irrigated, 

equivalent to 53,108 ha (Regione Sardegna, 2010). The irrigation is managed by nine 

consortia (Consorzio di Bonifica) distributed where the topography and soil conditions 

are favorable for irrigated cultivations (Figure 17).  

 

 
Figure 17. Boundaries of the nine Consorzio di Bonifica of 

Sardinia (Regione Sardegna, 2010). 

 

Crop irrigation requirements on irrigated area are estimated to be equal to 4,766 

m
3
 per ha, while water delivery losses account for an additional 27% of the total 

(Regione Sardegna, 2006). Therefore, the estimated annual irrigation consumption, 

considering water losses due to the inefficiency of the delivery and irrigation system, is 
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around 6,500 m
3
 per ha. The annual irrigation consumption, related to the areas 

effectively irrigated, is estimated to be about 350 Mm
3
. 

Currently, the most recent account (2010) of resources available for allocation to 

different sectors (civil, industrial, agricultural) is based on the water reserves 

accumulated in the reservoirs of the island, as reported in Table 4. 

 

Table 4. Allocation of available water resources for different sectors (Regione Sardegna, 2010). 

Sector Volume (Mm
3
) 

Agriculture  

Consorzio di Bonifica Basso Sulcis 9.0 

Consorzio di Bonifica Cixerri  11.0 

Consorzio di Bonifica Nurra 31.0 

Consorzio di Bonifica Nord Sardegna 22.0 

Consorzio di Bonifica Gallura 24.0 

Consorzio di Bonifica Sardegna Centrale  42.5 

Consorzio di Bonifica Sardegna Meridionale 100.0 

Consorzio di Bonifica Ogliastra 8.5 

Consorzio di Bonifica Oristanese 140.0 

Others 5.0 

Total for agricultural use 393.0 

Civil use  228.0 

Industrial use 32.0 

TOTAL  653.0 

 

The Sardinian water resources are divided into several categories (Figure 18): 

o streams, natural and/or artificial; 

o lakes, natural and/or artificial; 

o transitional water; 

o coastal-marine water; 

o ground water. 

Sardinia contains a total of 39 streams. The main rivers are: the Flumendosa, the 

Coghinas, the Cedrino, the Liscia, and the Tirso river (Table 5).  

 

Table 5. The main watercourses in Sardinia (Regione Sardegna, 2010). 

 

 

 

 

River Length (km) Watershed (Km
2
) 

Tirso 153.60 3,365.78 

Coghinas 64.40 2,551.61 

Flumendosa 147.82 1,841.77 

Flumini Mannu 95.77 1,779.46 

Cedrino 77.18 1,075.90 
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The other streams are characterized by a torrential regime, due basically to 

rainfall and the close proximity of the mountains to the coast. Rivers have mainly steep 

slopes in most of their path, and they are subject to major flood events, particularly 

during late autumn and summer, when the stream can remain dry for consecutive 

months.  

All lakes in the island (32), except for Baratz, are artificial; they are made 

through barrages of numerous rivers and represent the main water resources of the 

island. 

 

 
Figure 18. Hydrographical map of Sardinia (Regione Sardegna, 2006). 
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The regional agricultural sector is characterized by an extensive presence of 

arable crops and fodder, which cover 51.6% of the actually irrigated area (Figure 19).  

 

 
Figure 19. Percentage distribution of irrigated surfaces within the nine regional Consorzi di 

Bonifica (2005-2007) (source: Regione Sardegna, 2010). 

 

In particular, Sardinia contains a large extension of land with maize cultivation 

(which is the most widespread crop with 5,507 ha), alfalfa, and grass crops (Istat, 2007).  

21.3% of the irrigable land is covered by horticultural crops in open fields. 

Among the horticultural crops, artichokes are the most representative (44%) of the total 

area (Istat, 2007). 

Fruit tree crops (particularly citrus and peach) represent 9.1% of the irrigated 

area. The irrigated area planted with vineyards amounts to 4.4%. Less importance is 

given to olive tree irrigation; the relative percentage of irrigated land is only 1.4% 

because this type of cultivation is mainly conducted under rain-fed conditions. 

However, grapevines and olives are considered two of the most economically important 

cultivations in Sardinia. Even if only 2,314 of the total 18,346 hectares (12.6%) of 

vineyards are provided by irrigation system (Istat, 2010), viticulture represents a 

strategic economical sector in Sardinia (Nieddu, 2006). 

Olive cultivation is mainly for oil production, and 1,891 of the total 31,212 

hectares (6%) are irrigated (Istat, 2010). It is one of the most characteristic crops in 

Sardinia, considering that around 93% of the municipalities have invested in olive 

orchards (Idda et al., 2004). 

Figure 20 shows the percentages of irrigated area out of the total cultivated area 

for each crop, or group of crops, in Sardinia for the periods 1982, 1990, 2000 (Istat, 

2002). 

51.6% 

4.4% 0.5% 

21.3% 

9.1% 

1.4% 11.6% 0.2% 

Arable crops and fodder Vineyards 
Floral-Forestry-Officinal plants Horticultural crops-open field 
Fruit tree Olive tree 
Other crops Horticultural crops-greenhouses 
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Figure 20. Percentages of irrigated areas out of the total cultivated area for each crop, or group of 

crops, in Sardinia for the periods 1982, 1990, 2000 (Istat, 2002). 

 

The decrease of irrigated crop percentages was often due to repetitions of several 

dry years, where the poor precipitation led farmers to reduce the area planted (CRAS, 

2006). On the other hand, the regional funding has been the reason for the increasing 

planted area for crops, such as sugar beets during the 1990s.  

The primary irrigation system used in Sardinia is sprinkler irrigation, mainly for 

forage crops and cereals. Sprinkler systems are used in more than half of the irrigated 

area and in approximately 30% of the farms (Madau, 2009). The drip irrigation system 

is used primarily in fruit and horticultural crops (Regione Sardegna, 2010).  

In a study conducted by Madau (2009) on the agricultural census data, important 

changes in the utilization of irrigation equipment during the last ten years have been 

observed. In fact, in the last years, the spread of sprinkler systems has conspicuously 

declined. In 2000, the irrigated area equipped with sprinkler systems amounted to more 

than 62% of the total irrigated area, compared with 52% in 2005 (Figure 21). 

Over the past five years, farms that use drip systems have increased from about 

28% to over 35%. In 2005, the area irrigated with low volume/drip systems amounted to 

31% of the total irrigated area, versus the 19% recorded in 2000. 
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About 32% of the Sardinian farms adopted furrow irrigation methods, even if the 

adoption of this method is less than 9% of the regional irrigated area.  

Finally, flood irrigation represents the lowest percentage because this method is 

used only for rice cultivation. 

 

 
Figure 21. Irrigated area percentage by different irrigation systems in Sardinia in 

2005 (data from Madau, 2009). 

 

 

2. CROP WATER REQUIREMENT  

2.1. The soil water balance  

The soil water balance is the key concept in the management of water resources, 

especially for irrigation scheduling. It indicates the variation in the water content of the 

soil (ΔSW), as a consequence of water input and output (Figure 22), and it is expressed 

in the following equation (mm): 

 

I + P ETRO DP + CR ΔSF ΔSW = 0     (4) 

 

where I is the amount of water added by irrigation; P is the rainfall on a field; both I and 

P are considered water inputs, and they might be lost by surface runoff (RO) and deep 

percolation (DP). Another water input is capillary rise (CR) from a shallow region of 

the soil towards the root zone. Subsurface inflow (SFin) or outflow (SFout) is a horizontal 

transfer of water (ΔSF). Some fluxes such as ΔSF, DP, and CR are difficult to assess, 

and cannot be considered for short time periods (Allen et al., 1998). Evapotranspiration 

(ET) is the sum of the evaporation and the transpiration processes within the plant and 
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soil systems. It is considered a water loss from the root zone. The computation of all 

these fluxes may permit the analysis of the ΔSW over a given time period. 

 

 
Figure 22. Chart of the soil water balance of the root zone (source: Allen et al., 1998). 

 

Inorganic soil is composed of mixtures of sand, silt, and clay. The soil textural 

class is determined by the gravimetric percentage of these elements (Figure 23). 

 

 
Figure 23. Soil textural classes based on the percentage of sand, silt, and 

clay (source: http://soils.usda.gov). 

 

Some organic materials adhere to the solid particle composition, where air and 

water fill the pore spaces between the solid particles (Figure 24). 

http://soils.usda.gov/
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Figure 24. Unsaturated soil is composed of solid particles, organic 

material and pores. The pore space will contain air and water. 

(source: Bellingham, 2009). 

 

The soil water system can be expressed as a volume of each single element 

(Jensen at al., 1990): 

 

V= Vs + Vw + Vav         (5) 

 

where V is the total volume of a soil unit, while Vs,Vw, and Vav represent solid, water, 

and air and vapor volume respectively.  

The water content in the soil () is expressed as the ratio of the volume of water 

to the total volume of the soil sample (m/m or m
3
/ m

3
): 

 

  
   

 
            (6) 

 

When water fills all the air pores after a heavy rainfall or irrigation, the soil 

enters saturation (Figure 25).  
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Figure 25. Graphic representation of soil saturation, field capacity and permanent 

wilting point (source: Bellingham, 2009). 

 

The soil reaches the field capacity (F) typically one or two days after saturation, 

when the excess water drains from the soil (Ratliff et al., 1983). The amount of water 

that could be stored in the soil depends on the percentages of the different solid 

particles. Field capacity is the water holding capacity of the soil (m of water per m of 

soil depth), where the value of F depends on the considered soil.  

As the soil dries, the water retention increases and it becomes more difficult for 

plant roots to extract water. The soil water retention curve describes the capability of 

soil to restain water. Graphically, it represents the soil available water (%) on the y-axis, 

and the soil matric potential (- bars) on the x-axis (Figure 26). 

 

 
Figure 26. Hypothetical soil water retention curves for typical clay, loam, and sand soil 

(source: USDA, 1997).  
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The soil matric potential is a negative number, and a decrease in the value 

indicates a greater capability of the soil to retain water; this means that there is less 

water available to the plants roots. The soil water retention curve for three typical soil 

types is reported in Figure 26. At -15 bars (-1.5 MPa), the soil reaches the permanent 

wilting point (P), which represents the water holding capacity at which plants will 

permanently wilt. However, the water content at wilting point depends on the ability of 

the plant to survive under stressed conditions, root density, the magnitude of the 

evaporative demand, and the soil retention curve (Jensen at al., 1990). 

The water holding capacity of a soil between field capacity and permanent 

wilting point is defined as the available water holding capacity (A). 

The value of the water holding capacity is related to the type and moisture of the 

soil (Table 6). 

 
Table 6. Water holding capacity (cm/cm depth of soil) at field capacity, permanent wilting point 

and available water of main texture groups (source: Blencowe et al.,1960). 

 

 

The water content for each soil layer is a product of  and the desired soil depth. 

Thus, the soil water content at field capacity (FC) is the amount of water at a specific 

depth at F, while the water content at permanent wilting point (PWP) is the water 

content at a specified soil depth at P. 

Figure 27 explains the water content for different soil conditions. Field capacity 

and permanent wilting point are the maximum and minimum soil water contents (mm) 

respectively at a specific depth. The available water content (AW) corresponds to the 

amount of water that the soil stores between field capacity and permanent wilting point 

at a specified depth (AW = FC – PWP). The deficit in water content below FC is 

defined as the soil water depletion (SWD), while the soil water content (SWC) expresses 
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the amount of water stored at that depth (SWC = FC – SWD). When the soil water 

content reaches the yield threshold depletion (YTD), plants begin to incur water stress 

that may negatively influence the yield. Yield threshold (YT) is the water content at 

yield threshold depletion (YT = FC – YTD). 

 

 
Figure 27. Chart of soil conditions and water content. 

 

Most soils do not have uniform characteristics, and the AW varies with respect to 

the considered layer. In this case, the plant available water (PAW) represents the water 

contain at root depth as a sum of AW of each layer: 

 

        
           (7) 

 

where AW is the amount of water stored at the considered layer (i=1, 2,…,n). 

The percentage of PAW that corresponds to the YTD is called the allowable 

depletion (AD). Generally, AD is about 50% of PAW or ¼ of FC within the effective 

rooting zone for many soils. Therefore, it is possible to compute the YTD as: 

 

YTD = PAW × AD        (8) 
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Knowing the YTD is the first step to determining the management allowable 

depletion (MAD). The concept of MAD (Merriam, 1966), is used to assess irrigation 

scheduling and avoid plant water stress. The MAD is defined as the amount of water 

that can be depleted between irrigation events without incurring serious water stress. 

Ideally, the MAD should be less than or at least equal to YTD. However, it could 

be greater than YTD depending on the considered crop, its capability to tolerate water 

stress, roots density and roots depth, and growth period. In fact, with respect to the crop 

growth, the root system develops deeper with increased PAW and YTD.  

When the SWD is expected to exceed the MAD (or YTD, if MAD is equal to 

YTD), the crop requires a certain level of irrigation, the net amount (NA), to return the 

SWC to FC. The MAD is the net amount that needs to be replaced, and it is explained as 

the product of the gross application (GA) and the application efficiency (AE), (USDA, 

1997):  

NA = GA × AE         (9) 

 

Application efficiency is the ratio of the average depth infiltrated by irrigation 

water and stored into the plant root zone for use in evapotranspiration. The application 

efficiency is expressed as a percentage. The gross application is the amount of water 

that must be applied at each irrigation event to assure that enough water enters the soil 

and is stored within the plant root zone in order to meet crop needs. GA is based on the 

application rate and the runtime.  

Thus, the quantity of water and the frequency of applications depend on the soil AW in 

the plant root zone, the crop grown and stage of growth, the rate of evapotranspiration 

of the crop, soil MAD level, and effective rainfall (Re). Effective rainfall is a natural 

water input of the soil water balance, and it is the part of the total rainfall that 

replenishes the SWD. Rainfall lost by runoff or drainage from the soil is not considered 

Re. The intensity, duration, and amount of rainfall, as well as the soil water capacity and 

soil surface conditions, determine the depth of the Re. According to Snyder et al. (2012), 

effective rainfall can assume two possible outcomes: 

 

Re = P     if P < SWD        (10) 

 

if the recorded rainfall is less than the SWD, then Re is considered equal to precipitation; 
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Re= SWD    if P ≥ SWD       (11) 

 

if the recorded rainfall is more than the SWD, then the effective rainfall equals the SWD.  

These relationships mean that if the Re = P, the FC is not achieved; therefore, an 

irrigation event is necessary to raise the SWD to the FC. Therefore, Re is a very 

important parameter for the computation of the soil water balance, and an accurate 

estimation in comparison to the crop evapotranspiration (ETc) is critical to determine an 

optimal irrigation scheduling. 

 

2.2. Methods to evaluate evapotranspiration  

As previously mentioned, crop evapotranspiration is one of the outputs of the 

soil water balance. ETc, under standard conditions, refers to the evaporative demand 

from crops that are grown in large fields under optimum soil water conditions, in 

addition to excellent management and environmental conditions, and achieve full 

production under the given climatic conditions (Allen et al., 1998). ETc encompasses the 

total water used by a specific crop; it includes the direct evaporation from plant leaves 

and the soil surface, as well as transpiration. ETc is influenced by several major factors: 

 plant temperature; 

 ambient air temperature; 

 solar radiation (sunshine duration/intensity); 

 wind speed/movement; 

 relative humidity/vapor pressure; 

 soil water availability. 

ETc (mm day
-1

) is calculated by multiplying the reference crop 

evapotranspiration, ETo (mm day
-1

), by a crop coefficient (Kc) of the considered crop 

with the equation: 

 

ETc = ETo × Kc         (12) 

 

ETo is also called potential evapotranspiration, and it is the maximum 

evapotranspiration that will occur when water is not limited. ETo is for well-watered, 

0.12 m tall grass, usually alfalfa, with a fixed value for canopy and aerodynamic 

resistance of 70 s m
-1

 and an albedo of 0.23 (Allen et al., 1998).  
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In addition to soil water balance (section 2.1.), other methods have been 

developed to estimate ETo based on: 

 lysimeters  

 pan evaporation 

 energy balance  

 meteorological data. 

Lysimeters are tanks buried into the experimental field that make it possible to 

estimate water loss directly by measuring the change of mass or by quantifying the 

amount of drainage water. The lysimeter has to contain the same soil typology as that of 

the surrounding area. The lysimeter must also have the same type of grass and growing 

development. It is only possible to obtain reliable data if uniformity exists between the 

inside and the outside of the tank.  

Pan evaporation measures the rate of evaporation from a shallow, open-faced 

pan. The water added to the pan should be at the same temperature as the water in the 

pan. Pan evapotranspiration is classified as case A when the site is a crop field, or case 

B when referring to a dry surface field or one without a cover crop (Figure 28). 

Evaporation pans are mounted on an open wooden frame, with the bottom of the pan 15 

cm above the ground. The reference ET can be approximated by multiplying the pan 

evaporation by a parameter called the pan coefficient using the following equation: 

 

ETo = Kp × Epan         (13) 

 

where ETo is the evapotranspiration for a clipped grass reference crop (mm/day), Kp is 

the pan coefficient, and Epan is the evaporation from the pan. Doorenbos and Pruitt 

(1977) developed a procedure to predict Kp for Class A evaporation pans. The pan 

coefficient for Class A pans varies depending on the climate and the type of soil cover 

surrounding the pan.  
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Figure 28. Two cases of evaporation pan siting and their environment (source: Allen et 

al., 1998). 

 

The energy balance and meteorological data methods to compute 

evapotranspiration will be discussed in detail in the following sections. 

 

2.2.1. The energy balance 

Based on the law of conservation of energy, the energy budget represents the 

available energy that regulates life processes.  

The energy balance is expressed using the following equation:  

 

Rn = G + H+ LE + M +ΔS       (14) 

 

where Rn is net radiation, G is soil heat flux density, H is the sensible heat flux density, 

and LE is the latent heat flux density. The metabolic term (M), represents the processes 

of photosynthesis and respiration that occur in the ecosystem. The amount of energy 

stored in the biomass (ΔS) is generally disregarded. 

Thus, the common energy budget equation is considered as follows: 

 

Rn = G + H+ LE         (15) 

 

Each flow is measured in W m
-2

. Rn and G assume a positive value when the flux 

follows a downward direction, and it is considered negative if it is upward, while H and 

LE show the inverse situation (Figure 29). 
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Figure 29. Energy balance equation, direction and sign of terms. 

 

The positive sign of terms symbolizes acquisition of energy by the surface 

(canopy) from the atmosphere, thus a heating process; the cooling process releases 

energy, and it is represented by a negative sign.  

Net radiation is the main source of energy. It is the electromagnetic energy 

derived from oscillating magnetic and electrostatic fields that is capable of transmission 

through empty space at the speed of light. 

Net radiation is the sum of longwave (Rl) and shortwave (Rs) radiation, in both 

the downward (d) and upward (u) direction (Doorenbos and Pruitt, 1975, 1977; 

Brutsaert, 1982; Wright, 1982; Jensen, 1990; Allen, 1998): 

 

luldsusdn RRRRR 
       (16) 

 

Shortwave net radiation (Rs) comprises direct and diffuse radiation, and it is 

affected by the albedo (α); α is the capability of a surface to reflect radiation back to 

space.  

Direct radiation (Qs) is the direct beam from the sun to a surface that is 

horizontal relative to the earth‘s surface. It is calculated as: 

 

                     (17) 

 

where τ
m 

is the transmission coefficient (relative to sky conditions; can be clear or 

overcast), Qc is the extraterrestrial radiation (the solar radiation that follows a direct 
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beam from the sun but outside the Earth‘s atmosphere, and it is equal to 1360 W m
-2

), 

and α is the angle of incidence from the sun rays to a line perpendicular to the surface of 

interest. 

Diffuse radiation (q) is the amount of radiation that does not arrive on the 

Earth‘s surface as direct beam, but it is the radiation scattered by air molecules in the 

sky and comes from all directions equally. Liu and Jordan (1960) empirically found that 

about 30% of the depleted radiation reaches the surface as diffuse radiation, and it is 

calculated as: 

 

                        (18) 

 

Upward longwave radiation is expressed as the product of the Stefan Boltzmann 

constant (σ = 5.675 × 10
-8 

J m
-2

 K
-4

 s
-1

), air temperature (Ta, °K), and emissivity (ε): 

 

Rlu = εσTa
4
          (19) 

 

Following the equation presented in Campbell and Norman (1998), downward 

longwave radiation can be derived as: 

 

                
        

           (20) 

 

where C1 is the fraction of cloud cover in the sky and εa is the apparent sky emissivity. 

εa is related to vapour pressure (e, in Pa), and is expressed as: 

 

                      (21) 

 

Net radiation is negative during the night and positive during the day. The 

equation for net radiation can be written in the following manner: 

 

  luldsn RRRR  1
       (22) 

 

as the sum of  the longwave radiation and the product of the incoming solar radiation 

(Rs) and the albedo (α). 
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Soil heat flux density 

Soil heat flux is the energy that is used in heating the soil. G is the conduction of 

energy per unit area in response to the temperature gradient as expressed by Fourier‘s 

Law. Heat is transferred downward into the soil when the soil surface is warmer than 

below, and it is transferred upward to the soil surface if the soil layers below are 

warmer. Heat stored in the soil surface contributes to the evaporation of water at the soil 

surface, heating of the plant canopy by radiation from the surface, and warming of the 

air and plants by convection of sensible heat to the canopy. Soil temperature is also 

important because it determines seed germination and plant growth. The soil surface 

receives energy from net radiation, beginning in the early morning, and conducts heat 

into the deeper soil layers. Thus, the flux assumes a positive sign and the heat storage 

process begins. When the net radiation decreases (in the evening), the soil surface 

becomes cooler and heat that was previously stored in the deep layers is released to the 

surface. This process continues during the night. 

The rate of heat that is released or stored in the soil is expressed as (Jensen et al., 

1990): 

    
  

  
          (23) 

where λ is the thermal conductivity, ∂T is the temperature gradient within the soil layers, 

and ∂z is the distance between the considered soil layers. 

Thermal conductivity is the ability of a material to conduct heat (W·m
−1

·K
−1

), and 

it depends on soil properties and water content. It is also possible to express λ as the 

product between thermal diffusivity (k) and the volumetric heat capacity (Cv): 

 

λ = k×Cv           (24) 

 

Thermal diffusivity is a property which describes the rate at which heat flows 

through a material, measured in m
²
 s

-1
. Volumetric heat capacity is the ability of a given 

volume of a substance to store internal energy without undergoing a phase change, and 

it is measured in J m
-3

 K
-1

. 

Following de Vries equation (1963), Cv is estimated from volume fractions of 

mineral (Vm), organic matter (Vo), and water as: 

 

http://en.wikipedia.org/wiki/Heat_conduction
http://en.wikipedia.org/wiki/Heat
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Cv = (1.93 Vm + 2.51 Vo + 4.19 θ) 10
6
      (25) 

 

or considering the soil bulk density (ρb) in Mg m
-3

, the equation can be derived as: 

 

Cv = (0.837 ρb + 4.19 θ) 10
6
       (26) 

 

Thus, the greater the quantity of water that is contained in the soil, the greater 

the thermal conductivity. 

Table 7 reports the thermal conductivity values for some soil materials in dry 

and wet conditions. 

 
Table 7. Thermal conductivity, (λ), and bulk density (ρb) of some soil materials (source: Evett, 2002). 

 

 

Taking into account that:  

 

Cv = Cp × ρs          (27) 
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where Cp is the specific heat at constant pressure (J/kg K) and ρs is the soil density (Kg 

of dry soil per m
3
 of soil), and recalling the different equations used above to describe 

the concept of thermal conductivity, the soil heat flux equation can be derived as follow: 

 

          
  

  
        (28) 

 

The quantity of heat conducted into the soil can be measured with systems of 

soil heat flux plates and thermocouples. Estimating the soil heat flux density between 

two layers (G1 and G2), where Δz is the lag distance between them (Figure 30), allows 

the analysis of the change in stored heat within the soil (ΔS) as: 

 

ΔS = - (G2 – G1)         (29) 

 

The sign of ΔS allows the evaluation of the direction of the flux; a positive sign 

means that the G1 layer transfers heat to G2, while a negative sign signifies that the heat 

flux is transferred upward. 

 
Figure 30. Schematic measuring of soil heat flux. 

 

Therefore, the rate at which heat flows through the soil layers at a depth z below 

the surface is directly proportional to the temperature gradient. 

 

Sensible Heat Flux 

Sensible heat flux is the transfer of energy (heat) away from or to a surface by 

convection. The sensible heat content of the air depends on the density of the air and the 

velocity of air molecule transfer through the air. When sensible heat is added to the air, 

it assumes a positive sign (cooling from the crop surface). The sign is negative when 
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sensible heat is removed from the air (heating of the crop surface). Sensible heat flux is 

the heat that is possible to ―sense‖ or ―feel‖, by measuring with a thermometer. 

Sensible heat flux is estimated as: 

 

         
       

       
       (30) 

 

where ρ is the air density, Cp is the specific heat of the air at constant pressure, ka is the 

thermal diffusivity, z is the height of the measurement of the heat flux, and T the 

correspondent temperature at two different heights . 

Taking into consideration that ka is about (18.9 10
-6

) × (1+ 0.007 T) m
2
 s

-1
 and k 

is 0.9 10
-6

 m
2
 s

-1
, it is easy to understand that the heat flux transfer into the air is faster 

than in the ground.  

The concept of resistance to sensible heat flux transfer (rh) is closely related to 

H. In fact, the resistance (m s
-1

) could be explained as: 

 

   
       

  
          (31) 

 

Hence, another way to describe H is : 

 

       
        

  
        (32) 

 

where the heat flux density is the result of the ratio of the difference in energy to the 

resistance. 

 

Latent Heat Flux 

The latent heat flux represents the evapotranspiration fraction that can be derived 

from the energy balance equation if all other components (Rn, G, and H) are known 

(Allen et al., 1998). 

Water molecules are kept together in a liquid state because of the hydrogen 

bonds. The potential energy of hydrogen bonds in the water is latent in a liquid status. 

In order to break hydrogen bonds and facilitate evaporation, energy must be added to 

water. 
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Sensible heat is the energy used in this process, which allows the change from 

liquid to vapor status. The consumption of sensible heat indicates a decrease of energy 

that triggers a reduction of the temperature; thus, a cooling process occurs on the 

surface. The conversion from sensible heat to latent heat indicates a phase change from 

the liquid to vapour form of water. In this case, the energy leaves the surface and the 

flux is considered positive. When condensation occurs, a negative sign is used to 

describe the flux direction. LE flux is obtained by multiplying the energy gained or 

released (about 2.45 MJ kg
-1

) by the mass of water (E, in Kg m
-2

 s
-1

): 

 

LE = L × E           (33) 

 

The concepts of evapotranspiration and relative humidity are strongly related. In 

fact, during the evapotranspiration process, the water vapour is added to the atmosphere 

and the high relative humidity (RH) can hinder the transfer of molecules. Relative 

humidity is a measure of the water vapour contained in the air, and it is expressed as the 

ratio of the vapour pressure (e) to the saturation vapour pressure (es) at the air 

temperature (T):  

 

    
 

     
            (34) 

 

Vapour pressure is the partial pressure due to the water vapor content in the 

atmosphere, measured in Pascals (Pa) or Kilopascals (kPa). Saturation vapour pressure 

is the capacity of the air to hold water vapour. When the equilibrium between water 

molecules escaping and returning to the air is reached, the air is in a condition of 

saturation vapour pressure. At that moment, the air is said to be saturated since it cannot 

store any extra water molecules. The number of water molecules that can be stored in 

the air depends on the air temperature. In fact, es is expressed as (Tetens, 1930): 

 

                       (35) 

 

 

where exp is the exponential function (e
x
), and it is valid for the following equations. 

The difference between e and es is the vapour pressure deficit (VPD): 
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VDP = es (T) - e          (36) 

 

If the air is cooled, without changing e, until the saturation vapor pressure at the 

cooled temperature (T') is equal to e, the cooled temperature T' is called the dew point 

temperature (Td). If the air is diabatically cooled without changing the water vapor 

content of the air, the sensible heat content and the temperature of the air will decrease 

until the air becomes saturated and number of water molecules evaporating from a flat 

surface of pure water is equal the number evaporating from the surface. At that point, 

the air is at the saturation vapour pressure at the Td. When the temperature drops slightly 

below Td, water will begin to condense on the surface creating dew.  

 

2.2.2. Meteorological data method to compute ETo 

Many equations used to estimate ETo have been developed so far (Table 8). The 

choice of the equation is related to the availability of climate data, as well as the 

location of the study area. In the FAO Irrigation and Drainage Paper No. 24 titled: 

―Crop Water Requirements‖ (Doorenbos and Pruitt, 1977), some guidelines were 

developed and published to provide users solutions that correspond to different 

availability of data: the Blaney-Criddle, the radiation, the modified Penman, and the pan 

evaporation methods. 

Allen et al. (1998), in the FAO Irrigation and Drainage Paper No. 56 ―Crop 

Evapotranspiration‖, considered the Penman Monteith equation a standard and the most 

precise method to estimate ETo compared with others equations. The FAO Penman 

Monteith equation combines the energy balance method with the mass transfer method. 

Penman (1948) is considered the precursor, computing the evaporation from an open 

water surface from standard climatological records of sunshine, temperature, humidity, 

and wind speed. The Penman equation takes into account a humid surface, where any 

kind of resistance is not considered. 

Using the Penman equation as a basis for further analysis, Penman and Monteith 

in 1990 introduced the concept of canopy resistance, applying the equation to a non-wet 

surface (i.e. plant surface). 
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Table 8. Some methods to estimate ETo and relative climate data necessary for each computation. 

 DATA REQUIRED 

METHOD TEMPERATURE RELATIVE 

HUMIDITY 
SOLAR 

RADIATION 
WIND 

SPEED 
Thorntwaite  ×    

Blaney-Criddle  ×    

Ivanov  × ×   

Turc  × × ×  

Cristiansen × × × × 

Hamon  ×    

Jensen-Haise  ×  ×  

Makkink  ×  ×  

Penman  × × × × 

Vanbavel × × × × 

Pristley-Taylor × × ×  

Hargreaves ×  ×  

Penman-Monteith × × × × 

 

LE in the Penman equation is the sum of the adiabatic and diabatic processes. 

The adiabatic process occurs when there is no exchange of energy. The only 

source of energy in the adiabatic process is the sensible heat, and a strong relationship 

between the air temperature and the wet bulb temperature is established (Figure 31).  

The wet bulb temperature (Tw) is the temperature that the air (T) assumes if 

water evaporates into the air until it becomes saturated, without changing the total heat 

content (enthalpy) in the air and barometric pressure. Wet-bulb temperature is the 

temperature measured with an aspirated thermometer with the bulb covered by a wet 

cotton wick. The evaporation of the water from the wick increase e in the air (thus, also 

the Td); at the same time air looses energy (sensible heat) to allow water to change from 

the liquid to vapour phase. Consequently, the air temperature decreases, allowing T and 

Td to converge at the same point [Tw, es (Tw)] in the psychrometric diagram (Figure 31), 

and the temperature that the air assume is called the wet bulb temperature. 
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Figure 31. Psychrometric diagram showing the relationship between air temperature (T), 

wet-bulb temperature (Tw), dew point temperature (Td), vapor pressure (e), and saturation 

vapor pressure es at T and Tw. 

 

Vapour pressure at Tw is measured as:  

 

                   (37) 

 

where e is a function of Tw, T, and barometric pressure (β), and is expressed as: 

 

                                               (38) 

 

where β is measured in KPa, and it is estimated in relation to the elevation in meters 

above mean sea level (El) (Burman et al., 1987):  

 
26.5

293

0065.0293
3.101 







 
 lE


          (39) 

 

Assuming that during the adiabatic process the only source of energy is sensible 

heat: 

LEa = - Ha           (40) 

 

Ha may be expressed with the following equation, as previously described: 
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        (41) 

 

Moreover, in the adiabatic process, the energy required to raise temperature from 

Tw to T is equal to that necessary to raise vapour pressure from e to es (Tw) (Figure 32).  

The slope of the curve between Tw and T is called Δ΄, (Figure 32) where: 

 

   
            

      
        (42) 

 

 
Figure 32. Schematic chart of the adiabatic process. 

 

Δ΄ is equal to the psychrometric constant (–γ). All points on γ line have the same 

enthalpy, but with different proportions between the rates of LE and H, where: 

 

   
        

      
         (43) 

 

The sum of Δ΄ and γ is equal to the ratio of VPD to the change in temperature: 

 

     
       

      
        (44) 

 

Thus the adiabatic contribution to the LE is: 

     
   

  

          

    
        (45) 

 

where ra (s m
-1

) is the aerodynamic resistance to vapour transfer. 
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In the diabatic process, an external exchange of energy occurs and Rn - G ≠ 0.  

Rn is the energy input, and it is used for the water vaporization process and/or to 

increase H. Δ΄ and –γ assume the same meaning during the adiabatic process. The 

fraction of energy that goes to latent heat is expressed as: 

 

    
  

    
           (46) 

 

while the part of energy that goes to sensible heat is expressed as: 

 

   
 

    
           (47) 

 

Assuming that: 

 

  

    
 

            

       
        (48) 

 

then: 

    
            

       
         (49) 

 

Δ΄ is considered equal to Δ in KPa C
-1

 (Tetens, 1930; Murray, 1967) as: 

 

  
          

          
         (50) 

 

even in conditions of aridity (high VPD), the assumption could be questionable. 

Finally, the Penman equation is estimated by the sum of the adiabatic and 

diabatic processes, and it is expressed as: 

 

    
                       

  

   
      (51) 

Following the suggestion of Allen et al. (2005), G is not considered for daily 

computations. However, for the monthly estimate it is calculated as: 

 

G = 0.07 (Tmon, i+1 –Tmon, i-1)       (52) 
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or if Tmon, i+1 is unknown, it is expressed as: 

 

G = 0.14 (Tmon, i –Tmon, i-1)       (53) 

 

where T refers to the next (+1), previous (-1), or current (i) monthly mean air 

temperature respectively. 

The aerodynamic resistance (s m
-1

) is determined as (Allen et al., 1998): 

 

    
  

      

   
  

      

   

    
        (54) 

where: 

- zm is the height of the wind measurements (m); 

- zh is the height of the humidity measurements (m); 

- d is zero plane displacement height (m), and it is considered equal to 0.70 h, 

where h is the canopy height; 

- zom is the roughness length governing momentum transfer (m); 

- zoh is the roughness length governing transfer of heat and vapour (m); 

- k is the von Karman's constant, 0.41; 

- uz is the wind speed at height z (m s
-1

). 

Assuming a constant crop height of 0.12 m and a standardized height of 2 m for 

wind speed (u2) and humidity (zm = zh = 2 m), ra is computed as: 

 

     
   

  
           (55) 

 

As mentioned previously, the Penman Monteith equation refers to a non-wet 

surface, taking into consideration the resistance of the canopy (rc) to vapour transfer, 

and it can be written as follow:  

    
                       

  

       
  
  

 
        (56) 

where: 

    
  

  
               (57) 
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The canopy resistance is related to the stomatal resistance (rs) and the leaf area 

index (LAI) as: 

 

    
  

        
  

         

        
               (58) 

 

Thus, γ* is computed as: 

 

                        (59) 

 

2.3. Crop coefficient  

When a crop is grown in large fields under optimum growing conditions, the 

ratio of the ETc to the reference crop is known as the crop coefficient (Kc): 

 

   
   

   
           (60) 

 

The difference between ETc and ETo is the result of different factors (Snyder, 

2002): 

 light absorption by the canopy 

 canopy roughness that can affect the turbulence 

 crop physiology  

 leaf age 

 surface wetness 

The crop coefficient is dimensionless; it depends on the specific crop at a given 

growth stage and soil moisture. The distribution of the Kc values during the crop 

growing season is defined as the crop coefficient curve. As described by Doorenbos and 

Pruitt (1977), the Kc curve is separated into four stages for field and row crops. In the 

last part of the growing season, the Kc curve can undergo a decline (Type 1). Crops that 

do not exhibit a decline of the Kc curve are usually harvested before the onset of 

senescence (e.g., silage corn and marketable tomatoes). Other crops (Type 2) maintain a 

fixed Kc value during most of the growing season (e.g., alfalfa, pasture, turfgrass, C-4 

species). Figure 33 shows a typical Kc Type 1 curve with a late season Kc decline. 
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During the initial growth period (A-B), the value of the Kc is generally small because the 

plant canopy is not completely developed. Most of the crop water use at this time is due 

to evaporation of the soil surface (bare soil Kc). The crop coefficient of a bare soil 

depends on the ETo and the number of days between irrigation events or rainfall. As the 

canopy develops, the transpiration rate of the crop increases, as well as the Kc. In this 

period, the increase in the canopy size accounts for the increase in ground cover from 

10 to 75%.This period is defined as the rapid growth period (B-C). 

 

 
Figure 33. Generalized crop coefficient curve, in relation with the growth 

date and percentage of season, for field and row crops (Type-1) having a 

declining Kc during late-season. 

 

Midseason is the stage where 75% of ground cover is present (C-D).  

At the onset of the senescence (D-E), the value of the crop coefficient will begin 

to decrease again, and this stage is defined as late-season. 

Deciduous tree and vine crops have Kc similar to field crops, but without the 

initial period (Figure 34).  
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Figure 34. Hypothetical Kc curve for typical deciduous orchard and vine crops. 

 

This kind of curve is characterized by the absence of the initial growth period 

(Type 3). At leaf out (B), the curve follows a rapid growth, and it distinguishes the 

beginning of the season. Then, when the crop covers 63% of the ground, the midseason 

is reached (C-D). At the late season (D-E), the curve begins to decline because of the 

leaf drop, and the evapotranspiration is near to zero. 

Subtropical crops (eg., citrus, olives, avocados) are called Type 4 crops. The Kc 

for these kinds of crop is assumed to be fixed for the entire season, with corrections in 

relation to growth, cover crops, and rainfall.  

 

3. WATER SCARCITY MANAGEMENT 

3.1. Adaptation strategies  

The increase of water scarcity and drought undoubtedly denote the necessity of a 

more sustainable approach to water resource management. There are many adaptation 

strategies that can reduce water usages, as well as avoid excessive water consumption.  

In the agricultural sector, knowing the actual crop water requirement (CWR) is 

the starting point to assess and apply adaptation strategies. Crop water requirement is 

defined as the depth of water needed to meet the water loss through evapotranspiration 

of a disease-free crop, cultivated in a large field without restrictions on soil conditions 

(including soil water and fertility), and achieving full potential production under the 

given growing environment (Doorenbos and Pruitt, 1977). Thus, the CWR includes the 

total water input necessary to satisfy water losses through the crop evapotranspiration. 

The amount of water from irrigation needed to satisfy the CWR is defined as the 
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irrigation requirement (IR). The IR basically represents the difference between the crop 

water requirement and effective rainfall (Kassam and Smith, 2001). Irrigation provides 

a way of regulating the seasonal availability of water to match agricultural needs, 

especially during periods of low rainfall or drought. It is particularly useful for the 

physiological development of the crop during the growing season, and to increase the 

yield in both terms of quantity and quality. 

Improving the efficiency of the irrigation application rate is the key concept of 

water saving adaptation strategies. The term "efficiency" is commonly used to indicate 

"the level of performance" of a system. It means how much water is transported, 

consumed, and /or used in the production of a commodity. In the agricultural sector, the 

concept of water use efficiency (WUE) is often used to highlight the relationship 

between the crop growth development and the amount of water used. WUE could 

assume different meanings: hydrological and physiological (Stanhill, 1986). In the 

hydrological sense, it denotes the ratio of the volume of water used productively, i.e., 

transpired and in some cases also evaporated, from the area under study, to the volume 

of water potentially available for that purpose, i.e., that reaching the crop growing 

region via rainfall and irrigation plus that available from the soil. Physiologically, it 

represents the ratio of the weight of crop water loss to the atmosphere to that of its yield 

or total dry matter production. Sinclair et al. (1983) linked all meanings of WUE and 

described this concept as the ratio of biomass accumulation (expressed as carbon 

dioxide assimilation), total crop biomass, or crop grain yield, to water consumed; 

therefore, water is expressed as transpiration, evapotranspiration, or total water input 

into the system. 

Improving water use efficiency means increasing water productivity (WP), 

expressed in economic terms as the agricultural production per unit of water applied 

(rainfall and/or irrigation). As pointed out by Playán and Mateos (2006), the increase of 

WP is a way to ameliorate gains in crop yield, reducing the amount of irrigation water. 

It also could be the solution for food needs accompanying the projected population 

growth. 

Nowadays, many adaptation strategies are implemented to improve WP, starting 

with the optimal choice of the irrigation system, followed by the choice of the best 
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cultivar with regards to the soil and climate conditions, concluding with the application 

of the proper irrigation scheduling in terms of both timing and quantity of water applied. 

 

3.1.1. Irrigation systems 

Irrigation systems are designed to supply the water requirements to crops when 

the natural resources (precipitation) become scarce. The selection of the proper system 

depends on several factors such as water availability, considered crop, soil 

characteristics, deep percolation, runoff, evaporation rate, land topography, and the 

associated installation and maintenance costs.  

Irrigation is not only used to supply water to soil affected by water deficit. It is 

also useful to achieve the following purposes: 

 to combat parasites, through products diluted into the water; 

 to enrich the soil with nutrients that are dissolved in the water; 

 to improve the physical properties of land (e.g., carrying in suspended soil 

particles that differ from those typical of the soil of the area that would be 

irrigated); 

 to remove excess salinity from the soil; 

 to modify the soil pH; (e.g., the submersion of some acidic soils); 

 to change the temperature of the soil or plant (e.g., frost protection in 

orchards). 

Irrigation can be performed using different methods of water distribution. 

Basically, these systems are distinguished into gravity systems, where water moves 

naturally in the soil by the effect of the gravity force, and pressure systems. 

The gravity systems include flood irrigation of the whole field, furrow 

irrigation using shallow channels to carry water to the crop, and basin irrigation when 

the water is applied to a levelled surface. 

The pressurized systems, also called micro-irrigation, include sprinklers, and 

drip irrigation systems (surface and subsurface). Sprinkler irrigation is a system that 

drops water onto the ground, simulating rainfall. 

In drip irrigation, water is delivered in small quantities (drops) by nozzles 

installed in plastic pipes. Surface drip irrigation refers to the use of suspended pipes. 

This type of irrigation method is usually adopted by orchards or placed into the ground 
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for vegetables. Drip irrigation reduces water contact with crop leaves, stems, and fruit. 

These conditions may be less favourable for disease development. When the pipe is 

buried below the soil surface, subsurface drip irrigation is applied. A well-designed drip 

irrigation system loses practically no water to runoff, deep percolation, or evaporation. 

Theoretically, in subsurface drip irrigation, the water losses should be almost null. 

According to Onder et al. (2005), the surface drip system has more advantages than the 

subsurface drip method, which is difficult to replace and has higher system costs. 

An important parameter used to evaluate the performance of the system is the 

irrigation efficiency (IE), also known as the application efficiency. IE is defined by the 

American Society of Civil Engineers (ASCE) On-Farm Irrigation Committee (ASCE, 

1978), as the ratio of the volume of water that is taken up by the crop to the volume of 

irrigation water applied. Many studies have been conducted to determine the IE for 

different systems. IE for furrow irrigation was estimated between 50 and 73% (Oster et 

al., 1986; Battikhi and Abu-Hammad, 1994; Chimonides, 1995; Zalidis et al., 1997). 

For sprinkler irrigation systems, IE values ranged from 54 to 80% (Chimonides, 1995; 

Zalidis et al., 1997). The best performance occurred in drip irrigation systems, where IE 

ranged from 80 to 91% (Battikhi and Abu-Hammad, 1994; Chimonides, 1995). Hence, 

pressurized systems are generally more efficient in transporting water to crops than 

traditional gravity systems.  

In north-eastern Spain, the traditional gravity irrigation systems often maintain 

efficiencies close to 50% (Playán et al., 2000; Lecina et al., 2005), while properly 

designed and managed pressurized systems can attain 90% efficiency (Dechmi et al., 

2003a, 2003b). Although the traditional gravity approach is still widely used in Europe, 

particularly in the southern part, it is being replaced (EEA, 2009).  

In recent years, several irrigation systems have improved significantly the 

application efficiency at the farm level, enhancing the irrigation water management. The 

reason for this recent trend is the interest in achieving the greatest yield for a unit of 

water applied. The parameter used to assess the water application efficiency is the 

irrigation water use efficiency, (IWUE). The IWUE is defined as the ratio of the crop 

yield (Mg ha
−1

) to the seasonal irrigation water (mm) applied (Kirda, 2004). However, 

the efficiency of the system depends on the crop, soil conditions, climate, amount and 

timing of water applied. Previous studies have shown a higher IWUE under subsurface 
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drip (from 0.0283 to 0.227 Mg ha
−1 

mm
−1

), surface drip (from 0.0235 to 0.127 Mg ha
−1 

mm
−1

), and sprinkler systems (from 0.0044 to 0.0659 Mg ha
−1 

mm
−1

), compared to 

furrow irrigation (from 0.0086 to 0.056 Mg ha
−1 

mm
−1

) (Sammis, 1980; Bogle et al., 

1989; Lamm et al., 1995). Ibragimov et al. (2007) compared drip and furrow irrigation. 

The results using the drip systems have shown an increase in IWUE of 35-103% 

compared with furrow irrigation, a saving of 18-42% of the applied water. A study on 

onions by Halvorson et al. (2008) and one conducted on potatoes by Erdem et al. 

(2006), confirmed that IWUE was higher under the subsurface drip system than the 

furrow system. Drip irrigation consumes less water than furrow irrigation; 

consequently, the drip irrigation method yielded higher values of IWUE (Kruse et al., 

1990; Erdem et al., 2006). In addition, according to Tognetti et al. (2003), drip irrigation 

may improve nutrient acquisition in relatively heavy soils (e.g. soils present in the 

Mediterranean environment), thus accelerating root maturation and the anticipated 

harvest date. 

Hanson and May (2004), in a study on tomatoes conducted along the west side 

of the San Joaquin Valley in California, found that the yield increased by 12.90–22.62 

Mg ha
-1

 for the drip systems compared to sprinkler systems with similar amounts of 

applied water. This is possible because a properly managed drip system could reduce 

percolation below the root zone, giving an IWUE value bigger than in sprinkler 

irrigation.  

A study conducted by Al-Jamal et al. (2001) assessed the differences in 

irrigation efficiency in onion production for sprinkler, drip, and furrow irrigation 

systems in Southern New Mexico (USA). The maximum IWUE was obtained using 

sprinkler systems. The lowest IWUE values were obtained under furrow irrigation 

systems. These results were due to excessive irrigation under subsurface drip and higher 

evaporation rates from fields using furrow irrigation.  

One option to improve the irrigation water management may be converting from 

furrow or sprinkler irrigation systems to drip irrigation. In fact, drip irrigation can apply 

water more precisely and uniformly than furrow and sprinkler irrigation systems. The 

results would be a potential reduction in subsurface drainage, a higher control of soil 

salinity, and an increase in yield. On the other hand, the IWUE values depend on the 

irrigation system, but they are also affected by the canopy interception, the soil type, the 
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cultural and management practices, and crop variety choice. At the farm level, selecting 

the appropriate irrigation system means also evaluating the installation and maintenance 

costs. Thus, a balance among the yield income, water conservation, and the cost to 

maintain the irrigation system is necessary to increase farmer‘s profits. 

 

3.1.2. Scheduling of irrigation management strategies 

Irrigation water management is a term used in the broad sense to refer to all 

practices that improve crop yield and reduce excessive water consumption. The main 

management activity involves irrigation scheduling or determining when and how much 

water to apply, taking into account the irrigation method and other field characteristics 

(Holzapfel et al., 2009). 

Shifting the planting date is a useful strategy in response to climate change, 

especially for those crops with a spring-summer growing season. Simulations of 

irrigation requirements under climate change scenarios, where the planting date was 

shifted by a month or more into the winter season, showed optimal results (Döll, 2002; 

Lovelli et al., 2012). In fact, planting earlier in the spring increases the length of the 

growing season, and it will increase the potential yield if the soil moisture is adequate 

and the risk of heat stress is low (Maracchi et al., 2005). Otherwise, earlier planting 

combined with a short-season cultivar would give the best assurance of avoiding heat 

and water stress (Tubiello et al., 2000). Kucharik (2008) observed that the current yield 

trend toward earlier maize planting dates appears to have contributed to recent gains in 

yield between 19 and 53% in several states in the northern and western portions of the 

Corn Belt (Nebraska, Iowa, South Dakota, Minnesota, Wisconsin, and Michigan). The 

shorter growing season, due to earlier planting dates, have benefited significantly the 

yield, an increase between 0.06 and 0.14 Mg ha
-1

 for each additional day of earlier 

planting.  

In the Mediterranean basin, some orchard crops, such as olives, and grapevines 

have been traditionally cultivated in rain-fed conditions in the past. Recently, the 

increase of irrigated land in orchards has been observed because of the yield response to 

irrigation. In fact, even with low water application, the yield response is greater than 

that in rain-fed conditions, so that an increasing interest in irrigated agriculture has been 

observed. For instance, the average olive production under rain-fed conditions was 
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about 35% lower than that obtained by applying different irrigation treatments, 

including full irrigation (Gómez-Rico et al., 2007). Intuitively, the application of full 

irrigation to meet the CWR leads to the maximum yield. Nevertheless, many studies 

have demonstrated that allowing the plants to experience a certain degree of water stress 

turned out to be a good way to save water without resulting in a significant reduction in 

yield. The application of regulated deficit irrigation (RDI) means delivering less water 

than the crop actually needs. Deficit irrigation has been demonstrated as a useful tool to 

improve the irrigation management at the field scale for arid and semi-arid conditions 

(Holzapfel et al., 2009). Analyzing different studies conducted on orchards and field 

crops, the conclusion in terms of irrigation efficiency would be that providing the full 

CWR could be ineffective considering yield and gain. The amount of water supply that 

a crop really needs could be assessed by the installation of sensors into the soil. Once 

the full crop water requirement is established, the deficit in irrigation related to the ETc 

or PAN evapotranspiration can be computed. Fereres and Soriano (2007) showed that 

the performance of the deficit irrigation has a significantly positive response in tree 

crops and vines, whereas other studies showed there was no evident benefit in field 

crops. A study conducted on maize by Yenesew and Tilahun (2009) demonstrated that 

applying only 50% of the irrigation demand at the initial and late season stages resulted 

in statistically similar average grain yield and biomass as that of applying the full 

irrigation requirement throughout the whole season; instead, stressing maize during the 

mid season stage results in lower yields, indicating that mid season is the most sensitive 

growing period to water deficit. For Farré and Faci (2009), applying irrigation deficit 

practices in maize during all of the growing season without incurring significant yield 

reductions is not possible, unless the stress is limited only during the grain filling phase. 

On the contrary, promising results have been achieved in tree crop studies. Chaves et al. 

(2007) analysed the response of regulated deficit irrigation on grapevines. They showed 

that a decrease of 50% of water applied did not affect the quality and production, even if 

the response to deficit irrigation depends on the variety and the environmental 

conditions during the growing season.  

Many studies have been conducted on olives under RDI conditions (Patumi et 

al., 2002; Çetin et al., 2004; Gómez-Rico et al., 2007; Lavee et al., 2007; Tognetti et al., 

2006; Melgar et al., 2008; Dabbou et al., 2010). In Italy, the application of a RDI of 
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33% of the full CWR from the beginning of pit hardening (August–September) to the 

early fruit veraison in olive trees, limits the yield losses to only 16% (Tognetti et al., 

2006). Dabbou et al. (2010) showed that a restitution of 100% of ETc does not further 

enhance the yield more than 75%. Furthermore, this choice is also optimal to achieve 

good oil content. Moreover, the analysis of the oil content showed that this irrigation 

option does not affect the quality and composition of virgin olive oil. Several previous 

studies presented contrasting results, observing a reduction in oil content related to the 

deficit irrigation (Spiegel, 1955; Lavee and Wodner, 1991; Inglese et al., 1996). With 

respect to water management in olive orchards, the yield is considered significant, in 

addition to the oil characteristics (e.g.: phenols, fatty acid composition, α-Tocopherol). 

In Israel, Lavee et al. (1990) showed that a full irrigation during all of the growth season 

may cause a reduction in the fruit characteristics; complementary irrigation in some 

occasions during summer drought after pit hardening is effective in doubling the olive 

production and the oil yield in olive trees compared with rain-fed conditions. 

Patumi et al. (2002) mentioned that a restitution of 66% of ETc is sufficient to 

achieve good yields, while higher volumes of water (100% of ETc) produce just a little 

additional increase in the yield. Moreover, the olive oil composition does not change 

with irrigation, except for the decrease of the total phenols, but they are not considered 

detrimental for oil organoleptic characteristics.  

Functional relationships between yield and water deficits in citrus have been 

verified by Shalhevet and Bielorai (1978) and Doorenbos and Kassam (1979). Both 

studies demonstrated that deficit irrigation affects the yield in relation to the period of 

the application. In general, flowering, fruit set, and the initial phases of fruit 

development are considered to be the most critical growth stages. In a study conducted 

by Castel and Buj (1990) on orange orchards in Spain, the results showed that the 

deficit irrigation amount during May and June, or from September to March, does not 

significantly affect the yield production compared with the full irrigation treatment. In 

addition, no apparent relationship between the fruit quality and water deficit was 

noticed during flowering, fruit set, or the maturation period. García-Tejero et al. (2010) 

found that the application of RDI from June to October led to statistically significant 

differences in quality parameters (total soluble solids and titratable acidity), but the 

effects are not so clear-cut in terms of tree yield. Nonetheless, the results due to the 
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reduction of 50% of the irrigation application compared with a full irrigation treatment 

showed a non-statistically significant reduction in yield production and an increase in 

IWUE. 

 

OBJECTIVES 

Water is a key resource for the development of any human activity, especially 

for farming. The availability of water for farming is an essential condition for achieving 

satisfactory and profitable yields, both in terms of unit yields and quality. In order to 

cope with future estimates of water shortages, some measures aimed at streamlining and 

optimizing the efficiency of water consumption are needed; this need is particularly 

acute in the agricultural sector in view of the very considerable volumes of water 

required for the production cycle of crops. Efficient water management is one of the key 

elements in the successful operation and management of irrigation schemes. The 

research activity reported in this work focuses on the assessment of the irrigation water 

demand for some of the most economically important crops in the region of Sardinia 

(Italy), and the estimation of climate change impact on future crop water requirements 

using the SIMETAW# model. This dissertation is divided into three sections. 

The first section aims to investigate the distribution of the reference 

evapotranspiration, applying alternative methods for the FAO Penman-Monteith 

computation, in order to define ETo zones to be used for the investigation of the impact 

of climate change on the irrigation water demand in Sardinia. 

The second section shows the skills and functions of the SIMETAW# model, in 

addition to its potential applications. 

The third section aims to compute the irrigation water demand for artichokes, 

grain and silage maize, olives, grapevines, and citrus using the SIMETAW# model in 

relation with current and future climate conditions in each ETo zone of Sardinia. The 

estimation of the irrigation requirement is the results of the combination of the crop 

planted areas and management data, soil conditions, and irrigation system information. 

The final goal of this research activity is the analysis of the application of some possible 

adaptation strategies in order to reduce the potential climate change impact and to 

propose a future irrigation management strategy focused on water use efficiency. 
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CHAPTER 2: INVESTIGATION ON THE REFERENCE 

EVAPOTRANSPIRATION DISTRIBUTION AT REGIONAL SCALE 

BY ALTERNATIVE METHODS TO COMPUTE THE FAO 

PENMAN-MONTEITH EQUATION  

 

ABSTRACT 

Water scarcity is nowadays one of main world issues, and because of the climate 

change projections it will be more important in future. Reference evapotranspiration 

(ETo) is an extremely important agrometeorological variable, useful to assess the 

irrigation scheduling and management. The FAO Penman-Monteith (PM) equation is 

considered the most precise method to compute ETo compared with many others. 

Sometimes the application of this method is restricted by the lack of the input variables 

that it takes into consideration. An easy way to compute ETo is the application of the 

Hargreaves-Samani (HS) equation because it relies only air temperature data. 

Depending on the climate characteristics, however, the HS equation does not always 

provide optimal results. Because of high humidity and sometimes wind speed, Sardinia 

is one of those regions where the HS application could give poor results, but it does 

provide alternative methods to estimate ETo when radiation, humidity, and wind speed 

data are missing. The accuracy, however, can be improved by calibrating the HS 

equation for the missing variables in a particular microclimate. In this research, 

calibration factors for ETo computed with the HS were developed to obtain more 

accurate estimates of the PM equation ETo in regions where climate data were limited. 

These calibrated HS ETo values were used to improve the characterization of ETo over 

the island. After computing daily ETo with the PM and calibrated HS equations for all 

stations in Sardinia over the period of record, the inverse distance weighting (IDW), 

ordinary kriging (OK), and radial basis function (RBF) interpolation techniques were 

applied for mapping ETo data. The substitution method gave optimal and statistically 

significant results (RMSE=0.21) compared with the calibration method (RMSE=0.39). 

Summer reference ET (June, July, and August) ranged from 4.5 to 6.3 mm day
-1

. 

Among the three interpolation techniques taken in account, the OK computation better 

fitted the observed data, followed by the IDW and RBF models. Sardinia was divided 

into the four ETo classes: 4.5-5, 5-5.5, 5.5-6, and 6-6.3 mm day
-1

. 
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1. INTRODUCTION 

Reference evapotranspiration is a parameter that quantifies evaporative demand 

of the environment, and it is used to estimate water losses from crops using the crop 

coefficient (Kc) method (Doorenbos and Pruitt, 1977; Jensen et al., 1990; Allen et al., 

1998; Mavi and Tupper, 2004). Standardized reference evapotranspiration (ETo) 

represents the evapotranspiration from a virtual surface having characteristics that are 

similar to a broad surface of C-3 species 12-cm tall, cool-season grass assuming no 

reductions in evaporation due to stress (Allen et al., 1998, 2005). 

An accurate ETo computation is the first step to assess crop water requirement 

(CWR), which is useful for planning irrigation scheduling. Knowing the actual CWR 

avoids water wastages due to excessive irrigation application and yield reduction due to 

under-irrigation.  

Many methods to compute ETo have been developed based on empirical 

equations that consider air temperature (Thorthwaite, 1948; Blaney-Criddle, 1950; 

Hargreaves, 1974; Linacre, 1977), theoretical equations which are based on solar 

radiation (Stanhill, 1961; Jensen and Haise, 1963; Caprio, 1974; Idso et al., 1977; 

Hargreaves and Samani, 1985), and combination methods (Penman, 1948, 1963; 

Monteith, 1965; Van Bavel, 1966; Priestley and Taylor, 1972). 

The monthly and daily FAO Penman-Monteith equation (PM) from Allen et al. 

(1998) are identical to the monthly and daily Standardized Reference 

Evapotranspiration equation reported by the American Society of Civil Engineers 

(Allen et al., 2005) and the equations are widely considered the most precise method to 

estimate ETo when compared to other equations as confirmed by De Souza and Yoder 

(1994), Chiew et al. (1995), Howell et al. (1997, 2000), Oliveria and Yoder (2000), 

Walter et al. (2000), Itenfisu (2003), Garcia et al. (2004), Yoder et al. (2005), Gavilán et 

al. (2006), and Sentelhas et al. (2010). 

In some cases, computing ETo with the PM method is difficult because of the 

unavailability of required data. In fact, many weather stations lack the sensors needed to 

record solar radiation, temperature, wind speed, and relative humidity, which are needed 

for the ETo calculation. Another common problem is related to missing data due to 

malfunctioning of the sensors. Procedures to estimate missing parameters were provided 

by Allen et al. (1998). Following Allen et al. (1998), one can estimate actual vapour 
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pressure by assuming that the dew point temperature is near the daily minimum 

temperature. Air temperature differences are sometimes used to estimate missing solar 

radiation data. 

Others have suggested to make use data from a nearby weather station to 

estimate missing solar radiation and/or wind speed data (Nonhebel, 1994; Hunt et al., 

1998; Liu and Pereira, 2001; Trnka et al., 2005; Popova et al., 2006; Jabloun and Sahli, 

2008; Sentelhas et al., 2010). 

Several studies have used the Hargreaves-Samani (HS) equation, which employs 

only air temperature data, to estimate ETo, but HS tends to fail in humid, very dry, and 

windy regions (Saeed, 1986; Jensen et al., 1990, Amatya et al., 1995; Allen et al., 1998; 

Temesgen et al., 1999; Samani, 2000; Droogers and Allen, 2002; Xu and Singh, 2002). 

Therefore, a local calibration for acceptable performance is necessary (Martinez-Cob 

and Tejero-Juste, 2004; Gavilán et al., 2006; Fooladmand and Haghighat, 2007).  

ETo estimation at the field or basin scale limits the use of the information to 

locations near the sample point. Estimating data on a regional scale is important to 

evaluate irrigation planning and crop management decisions (Zhao et al., 2005), and 

mapping data by a geographic information system (GIS) is a way to extend information 

in those locations where a direct estimation is not possible. Interpolation techniques 

range from simple to sophisticated (Stein et al., 1991; Bechini et al., 2000; Schloeder et 

al., 2001; Dalezios et al., 2002; Markidis et al., 2005; Qian et al., 2005; Zhao et al., 

2005; Irmak and Ranade, 2008; Li et al., 2011).  

Considering that Mediterranean basin is one of the most affected areas by 

climate change (IPCC, 2007), an accurate estimate of ETo spatial distribution is helpful 

to assess crop water requirement and improve crop irrigation management. Sardinia 

(Italy) is an island located in the centre of Mediterranean Sea, and it was chosen as case 

study for this project. The objective of the study was to (1) assess alternative methods to 

estimate ETo when missing meteorological variables occur, (2) compare different 

interpolation methods to predict the distribution of ETo data at regional scale, and (3) 

define ETo zones to be used to investigate the impact of climate change on irrigation 

water demand. 

 

 

http://it.wikipedia.org/wiki/Geographic_information_system
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2. MATERIALS AND METHODS 

2.1. Experimental site description  

The study was conducted on the island of Sardinia, which is located in the center 

of the western Mediterranean basin (from 38°N to 41°N, and from 8°E to 10°E) and 

covers an area of about 24 000 km
2 

(Figure 1). 

 

 
Figure 1. Experimental site. 

 

The schematic geology of Sardinia is shown in Figure 2. It provides a macro-

division in the Hercynian basement, post-Hercynian covers and Quaternary deposits. 

Metamorphic, igneous, and sedimentary rocks are approximately equally represented in 

the island (Carmignani et al., 2001).  
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Figure 2. Main geological complex of Sardinia (Carmignani et al., 2001). 

 

The topography in Sardinia varies from plain to hilly and mountainous areas 

(Figure 3), and the changes in elevation affect the climate conditions (Chessa and 

Delitala, 1997). In fact climate characteristics are determined by the spatial distribution 

of the mountain systems.  

Sardinia has a Mediterranean climate, characterized by mild and rainy winters 

and relatively dry and warm summers. During summer (May–September), climate is 

influenced by the Azores Anticyclone regime that strongly reduces the penetration of 

Atlantic disturbances into the region, or the formation of local disturbances (Delitala et 

al., 2000). The presence of a relatively shallow enclosed sea dampens the excess of 

temperature. The spatial distribution of the average temperature is strongly related to the 

topography of the island. The mean annual maximum temperature ranges between 16 

and 22 °C relative to the elevation classes. Maximum values are recorded for 0-30 m 

a.s.l., while minimum values are recorded in areas where the elevation is more than 

1000 m a.s.l. The minimum annual temperature range between 7 and 14°C; higher 

values are recorded along the coast, with a proportional reduction of temperature in 

relation with the increase of the elevation. 
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Figure 3. Sardinia topographic map with elevations in m a.s.l. 

(RAS, 2006). 

 

The periods from March to April and from September to November are the 

transition phases from winter to summer and from summer to winter, where summer 

and winter are the two climatic seasons. During winter the mitigating effect of the sea 

prevails, while in summer the stabilizing effect of the midlatitude anticyclonical 

dominates, with a clear gradient of temperature in the north-south direction (Chessa and 

Delitala, 1997). 

The mean annual precipitation values range from 400 to 1300 mm with bigger 

fluctuations on the east coast (ARPAS, 2009). The monthly pattern of rainfall also 

shows the presence of two seasons: (1) winter, which covers the period from October to 

April, and (2) summer, which covers the period from May to September. The transition 

between two seasons is particularly evident during September and October, when 

rainfall values range from 40-60 mm/month to 80-160 mm/month (Chessa and Delitala, 

1997). Between April and May, the differences are less distinct. 
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The maximum cumulative precipitation occurs in December with 80% of the 

annual rainfall concentrated from October through April. The minimum values occur 

during July and August with some rare precipitation on the mountains (Chessa and 

Delitala, 1997).  

Wind from the west and northwest dominate in Sardinia. Annual relative 

humidity percentages range from 75 to 100% for the maximum and between 45-75% for 

the minimum. 

 

2.2. Data collection and ETo computation 

This study used meteorological data recorded from the following weather station 

networks: 

 ARPA Sardegna, specialist regional hydro-weather-climate department, 

(ARPAS);  

 Servizio Idrografico Regionale, regional agency for the hydrographical 

district (ID); 

Figure 4 shows the distribution of the 60 meteorological stations in Sardinia that 

were used in this study. 

Following the distinction proposed by Ashraf et al. (1997) weather station 

networks were divided into partial and full stations. When all variables needed for the 

PM equation are available, the station is considered a ―full‖ weather station (ARPAS 

network). If there are insufficient data to calculate the PM ETo, the station is a ―partial‖ 

weather station (ID network).  

A preliminary analysis of data was performed. For each station, data were 

organized by both month and year to assess the consistency of the original records. 

Stations that had more than 10% missing data were not considered for the study. In the 

end, daily meteorological data from 23 ARPAS network stations from 2000 to 2004, 

and daily maximum and minimum temperature from 37 stations of the ID network for 

2000-2002, were used in this study. 
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Figure 4. Geographical location of the 60 meteorological 

stations used in this study, Sardinia. 

 

For each full station the daily reference evapotranspiration for short canopies 

over the period of record was computed using the standardized PM and HS equations. 

FAO-56 Penman-Monteith equation (Allen et al., 1998, 2005) is expressed as: 
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where ETo (mm day
-1

) is the daily (24-hour) standardized reference evapotranspiration; 

Δ is the slope of the saturated vapour pressure curve (kPa °Cˉ¹); Rn is the net solar 

radiation (MJ mˉ² dayˉ¹); G is the soil heat flux density estimate (MJ mˉ²dayˉ¹); T (°C) 

is the daily mean air temperature at 1.5 to 2 m height, (i.e. the mean of maximum (Tmax) 

and minimum (Tmin) temperatures); u2 is the average wind speed at 2 m height (m sˉ¹); 

(es - ea) is the vapour pressure deficit (kPa), where es is the saturation vapour pressure at 

temperature T and ea is the actual vapour pressure (or the saturation vapour pressure at 

the dew point temperature); and γ 0.0677 kPa °Cˉ¹ is the psychrometric constant. 
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Following the suggestion of Allen et al. (2005) the ea was calculated from the mean 

daily dew point (Td) temperature (°C), which can be estimated from Tmax and Tmin and 

the maximum (RHmax) and minimum (RHmin) relative humidities. Moreover Rn was 

estimated from solar radiation, mean daily temperature, the mean daily vapour pressure, 

and the site latitude and elevation following Allen et al. (2005). For daily calculations, 

the ground heat flux sums to zero (i.e. G≈0).  

Hargreaves-Samani equation (Hargreaves-Samani, 1985) is expressed as: 

 

minmaxaoo TT).T(RCET  817
      (2) 

 

where ETo (mm day
-1

) is the reference ET; Co =0.023 is an empirical constant; Ra is the 

extraterrestrial solar radiation (MJ mˉ² dayˉ¹); Tmax is the daily maximum air 

temperature (°C); Tmin is the daily minimum air temperature (°C); and T is the mean air 

temperature (°C). 

Since they represent the peak ETo period of the year, the mean daily ETo rate for 

the summer months (June, July and August) was computed for all of the full stations. 

These data were used to determine the ETo zones for Sardinia.  

Finally, a trend analysis between the PM and HS ETo computation methods and 

wind speed was performed for the full stations. The PM and HS ETo and wind speed 

values were normalized by dividing by the mean value of each variable to allow for a 

trend comparison between variables.  

 

2.3. Alternative ETo estimation methods for partial stations 

Since for partial stations only the HS ETo was possible to compute, two 

alternative methods to estimate the PM ETo were assessed. The methods were: 

a) Calibration: Finding a correction factor to estimate PM from HS ETo 

using data from the full stations. The correction factor was determined as the slope of a 

linear regression of PM ETo versus HS ETo forced through the origin for each of the full 

stations (Figure 5). When applied to the partial stations, the factor is multiplied by the 

HS ETo value to estimate the PM ETo at that location. It assumes that the correction 

factor developed at a full station will also work at a nearby partial station. To test the 

method, ten pairs of nearby full stations were selected and one was deemed the 
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―training‖ and the other the ―testing‖ station (Table 1, Figure 6). The calibration factor 

was determined using ―training‖ station data. The product of the uncorrected HS ETo 

(EThs) and the calibration factor (Kf) gives: ETHS = EThs  Kf ETo, where the lower case 

subscript (hs) indicates the uncorrected HS ETo, the upper case subscript (HS) indicates 

the corrected HS ETo, and ETo is the PM ETo. Using data from the ―testing‖ station, the 

calibration is evaluated by comparing the ETHS with the PM ETo (ETPM), which is 

calculated from the ―testing‖ station dataset.  

 

 
Figure 5. Graphic sample to compute the calibration factor. 
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Table 1. Ten station pairs chosen as trial set. For each pair the first station was considered the 

training and the second one was considered the testing.  

PAIR STATION LONGITUDE E LATITUDE N ELEVATION 
 (m a.s.l.) 

1 Villa San Pietro 08° 58' 54" 39° 02' 34" 42 

1 Decimomannu 08° 59' 09" 39° 19' 21" 20 

2 Muravera 09° 35' 55" 39° 25' 09" 4 

2 Dolianova 09° 09' 22" 39° 23' 05" 167 

3 Macomer 08° 47' 10" 40° 18' 50" 664 

3 Modolo 08° 31' 51" 40° 16' 57" 212 

4 Dolianova 09° 09' 22" 39° 23' 05" 167 

4 Guasila 09° 02' 14" 39° 31' 54" 242 

5 Jerzu 09° 36' 23" 39° 47' 35" 46 

5 Muravera 09° 35' 55" 39° 25' 09" 4 

6 Benetutti 09° 08' 43" 40° 25' 50" 279 

6 Nuoro 09° 16' 53" 40° 20' 28" 490 

7 Sassari 08° 32' 19" 40° 44' 25" 150 

7 Olmedo 08° 21' 44" 40° 39' 43" 32 

8 Guasila 09° 02' 14" 39° 31' 54" 242 

8 Siurgus Donigala 09° 11' 21" 39° 36' 35" 420 

9 Olmedo 08° 21' 44" 40° 39' 43" 32 

9 Putifigari 08° 27' 37" 40° 32' 49" 423 

10 Aglientu 09° 04' 34" 41° 06' 13" 110 

10 Luras 09° 09' 22" 40° 55' 47" 488 
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Figure 6. Distribution of the full stations chosen as trial set for 

calibration and substitution method. 

 

b) Substitution: Using the temperature data from each partial station and 

substituting solar radiation, wind speed, and humidity data from a nearby full station 

provides a method to estimate PM ETo (ETSB) at partial stations, where ETSB is the PM 

ETo calculated using the substitution method. To evaluate the substitution method, the 

same ten pairs of full stations were used. The solar radiation, wind speed, and humidity 

data from the ―training‖ station were substituted for the data at the ―testing‖ station to 

calculate the ETSB estimates of ETo. Then the ETSB results were compared with the ETPM 

values that were determined using only data from the ―testing‖ station.  

For each station pair, the performance of the two methods was evaluated by 

regression analysis (Figures 7 and 8).  
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Figure 7. Graphic sample of the linear regression of ETPM versus ETHS for the 

calibration method. 

 

 

Figure 8. Graphic sample of the linear regression of ETPM versus ETSB. for the substitution 

method. 

 

The monthly mean ETPM (mm day
-1

) from January through December was 

regressed against ETHS and ETSB through the origin (a=0) using the ten ―testing‖ 

stations. The slope (b) provides an estimate of the accuracy and R
2 

is measure of 

precision.  
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The performance of the two alternative PM ETo estimation methods, and also of 

the HS ETo computation was evaluated using the RMSE (mm day
-1

) calculated with the 

following equations: 

 

       
 

 
      

 
                 (3) 
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                  (5)

 

where and ETPM is the PM ETo , which was calculated with the ―testing‖ station data, 

ETHS is the calibration estimate, ETSB is the substitution estimate, HS ETo is the 

Hargreaves-Samani ETo computation, and n is the number of samples. 

 To compare the performance of the different ETo methods (calibration, 

substitution and Hargreaves-Samani) for the ten pairs of trial stations, the overall RMSE 

averages for all methods analyzed were determined and submitted to the double sided t-

test. The critical t-value (P≤0.05) for 18 degrees of freedom (10 × 2-2) was 2.1. The 

hypothesis that the mean RMSE values of different methods were different was accepted 

when t-value was greater than critical t. 

Finally, the daily mean summer PM ETo value in each partial station was 

calculated. 

 

2.4. Spatial interpolation models for ETo data 

Three spatial analysis tools of ArcGIS 9.3 software (ESRI, 2008) were chosen to 

map ETo. The tools included: inverse distance weighting (IDW), ordinary kriging (OK), 

and radial basis function (RBF). Moreover, the holdout method and k-fold tecniques 

were used for cross validation. 
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Inverse Distance Weighting 

The inverse distance weighting method estimates the predicted values in an area 

on the weighted average of neighbour sample values. The weight of each neighbour 

sample decreases with the increment of the distance.  

The general interpolation formula follows (Lloyd, 2005): 
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where ẑ(u0) indicates the estimate in a u0 location, in relation to the number of 

neighbour sample observations z(uα); d is the distance between sample point and u0. The 

exponent r determines the power of d on the estimate location; the higher the exponent 

value, the greater influence at the u0 location by sample points. In this work a value of 

two for r was set and four neighbour stations around the estimated point were 

considered. 

 

Ordinary Kriging 

Ordinary kriging is a geostatistical procedure that uses a variogram model. It 

describes the spatial continuity of the input data to estimate values for an unsampled 

location (Isaaks and Srivastava, 1989). The relation among sample points and their 

distance are the fundamental concepts on which the interpolation technique is based. 

This concept is known as semivariance analysis, and it is evaluated before the kriging 

application. Semivariance is computed following Goovaerts (1997) as: 

  2
)(

1

)]()([
)(2

1
hxZxZ

hN
h i

hN

i

i  



     (7)

 

where γ(h) is the estimate semivariance at a separation distance, or lag h; N(h) is the 

number of pairs for lag h; z(xi) and Z(xi+h) are the observed values at point xi and xi+h, 

separated by h. Therefore, semivariogram is half of the variance, and it expresses the 

degree of similarity of the variable Z in two points separated by distance lag h. 

The spatial correlation among sample points is based on the selection of the 

semivariogram model and some calibration factors (sill, nugget, range) that better 
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represent the distribution of the variable. Graphically, semivariogram presents γ(h) as 

the y axis and h as the x axis. The range describes the threshold beyond which points 

are not correlated. Sill is the asymptote of the curve and represents the maximum value 

of semivariance. Nugget is the semivariogram model intercept on the y axis. 

Theoretically for a lag equal to zero, the semivariogram model should pass throw the 

origin of the axes. If it does not occur it could be attributed to measurement errors or 

spatial sources of variation at distances smaller than the sampling interval. This 

phenomenon is known as the nugget effect.  

Subsequent to semivariance analysis the OK method (Zhang, 2004) was applied: 

i

n

i

iZZ 



1


         (8)

 

The aim in the OK method is to estimate the value at Z point through the sum of 

the product of available observations (Zi) and the weight found in semivariance analysis 

(γi), where the sum is equal to one. 

 

Radial Basis Function 

The Radial Basis Function interpolation method minimizes the curvature of the 

estimated surface that passes exactly through a data point (Zhao et al., 2005). RBF is 

considered a thin plate interpolation that uses a formula for the surface interpolation 

from Mitas and Mitasova (1988): given n values of the phenomenon z
j
, measured at 

discrete point x within a certain region of a d-dimensional space to find a function F(x) 

so that  

 

                (9) 

where 

        
   

  
                         (10) 

          

considering that wj and w0 are positive weights and I(F) denotes the smoothness 

seminorm. According to Talmi and Gilat (1977) and Wahba (1990), the solution for the 

previous equation is the sum of two components: 
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                    (11) 

 

where λj is a coefficient found by the solution of a system of linear equations, T(x) is a 

‗trend‘ function and R(x,x
j
) is a basis function which has a form dependent on the choice 

of I(F).  

For this study a completely regularized spline option was chosen with a power 

0.0002 and three neighbour stations around the estimated point were considered. 

 

Cross validation techniques 

Validation is a useful way to estimate model precision. For each interpolation 

method two cross validation techniques were applied: the holdout method and K-fold 

cross validation. The holdout method is the simplest kind of cross validation. The data 

set was randomly separated into two sets, called the training set, presenting 70% of data, 

and the testing set with the remaining 30%. To assess how much the model value 

estimation were different from the observed data (test set), the training set was used.  

The model fit a function using the training set only. Then, the function is used to 

predict the output values for the data in the testing set. The k-fold cross validation is 

more rigorous than the holdout method. The data set was randomly divided into k 

subsets, and the holdout method is repeated k times; k=10 was used in this study. Each 

time, one of the k subsets was used as the test set and the other k-1 subsets were 

collected to form a training set. Then the average error across all ten trials was 

computed. 

 The performance of the three interpolation methods for each cross validation 

technique was assessed through the statistical analysis: mean absolute error (MAE), 

mean bias error (MBE), mean relative error (MRE) and RMSE: 
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where n was the number of station points, Zi and Ẑi  were respectively observed and 

estimate values at the considered point i (i=1,2,…, n). 

 

3. RESULTS AND DISCUSSION 

3.1. Estimating daily ETo by the FAO Penman-Monteith and Hargreaves-

Samani methods for full stations 

 

A preliminary analysis of data for full stations shows that the PM ETo values 

range from 4.5 to 6.3 mm
 
day

-1
, while HS ETo values range from 4.7 to 6.7 mm day

-1
 

(Table 2).  

 
Table 2. Statistical summary of Hargreves-Samani and Penman-Monteith ETo computation 

for full stations.  

 HS ETo PM ETo 

Minimum  4.7 4.5 
Maximum 6.7 6.3 

Mean 5.6 5.3 
Median 5.8 5.3 

Standard Deviation 0.5 0.4 

Variance 0.2 0.2 

Standard Error 0.1 0.1 

 

The trend of ETo data reported in Table 3 and Figure 9 shows a relation with the 

wind speed values. In fact, Hargreaves-Samani ETo tends to overestimate ETo compared 

to the PM equation when wind speeds are low (eg., Villa San Pietro, Decimomannu). 

The opposite situation occurs in those locations characterized by high wind speeds (e.g., 

Sardara and Domus de Maria). The difference between the two methods is particularly 

evident in stations that present extreme values for the wind speed. The reverse trend 

occurs when the wind speed is increasingly less than 2 m s
-1

, even if some exceptions 

are noticed (e.g., Modolo and Olmedo). 
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Table 3. Mean daily ETo (mm day
-1

) value using Hargreaves-Samani and Penman-Monteith methods, and 

daily wind speed (m s
-1

day) for full stations during summer months. 

STATION  HS (mm day-1) PM(mm day-1) WIND SPEED (m s-1 day) 

Villa San Pietro 5.9 4.5 0.57 

Decimomannu 5.9 4.6 0.95 

Villagrande Strisaili 5.6 4.5 1.21 

Jerzu 5.8 5.0 1.26 

Dolianova 6.0 5.1 1.29 

Benetutti 6.7 5.3 1.42 

Nuoro 5.8 5.0 1.49 

Bonnanaro 6.1 5.3 1.59 

Guasila 6.0 5.3 1.59 

Oliena 6.2 5.5 1.61 

Modolo 4.7 5.2 1.76 

Muravera  6.1 5.9 1.88 

Siurgus Donigala 5.8 5.5 1.94 

Putifigari 5.2 5.3 1.95 

Olmedo 5.8 5.3 1.98 

Sassari 4.9 5.2 1.98 

Sorso 5.1 5.1 2.01 

San Teodoro 5.2 5.5 2.08 

Luras 5.3 5.5 2.36 

Macomer 5.5 5.5 2.37 

Aglientu 5.0 5.2 2.38 

Domus de Maria 5.4 6.3 2.58 

Sardara 5.6 6.1 3.26 
 

 

 
Figure 9. Trend analysis using standardize data of mean daily ETo values computed by Hargreaves-

Samani and Penman-Monteith methods, and daily wind speed for full stations during summer months.  
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Previous studies have discussed the inaccurate estimate of ETo using HS 

computations and have proposed calibration methods to obtain better results. As pointed 

out by Martínez-Cob and Tejero-Juste (2004) no local calibration is needed for HS 

computation in windy locations (those where monthly average wind speeds above 2.0 m 

s
−1

 are frequent), while it is needed for low wind speed locations. Moreover the results 

showed by Gavilan et al. (2006) confirm that a regional calibration of HS equation in a 

semi-arid environment must be carried out considering only temperature and wind 

conditions.  

 

3.2. Performance of alternative ETo computation methods 

The assessment of the calibration and substitution methods for ten station pairs 

is reported in Table 4. The coefficient of determination (R
2
) was always between 0.98 

and 1.00. Consequently, there was always a strong correlation between estimated and 

measured ETo. The slopes of PM ETo versus estimated ETo, however, varied 

considerably by station pair (Table 4). 

 

Table 4. Slope (b) and coefficient of regression (R
2
) for the calibration (ETHS) and 

substitution methods (ETSB) in relation to ETo computed using the FAO Penman-Monteith 

equation. 

 

In some locations, both calibration methods overestimate or underestimate the 

PM ETo, whereas, one method will overestimate and the other underestimate at other 

locations. Except for the Benetutti-Nuoro station pair, where b=1 for both methods, b 

TRIAL LOCATION ETHS 
R2 

ETHS 
b 

ETSB 
 R2 

ETSB 
b 

Villa San Pietro-Decimomannu 1.00 1.02 1.00 0.96 

Muravera-Dolianova 0.99 1.22 0.99 1.06 

Macomer-Modolo 0.99 0.87 1.00 1.10 

Dolianova-Guasila 1.00 0.92 0.99 0.95 

Jerzu-Muravera 0.99 0.84 1.00 0.93 

Benetutti-Nuoro 1.00 1.00 1.00 1.00 

Sassari-Olmedo 1.00 1.20 0.98 1.04 

Guasila-Siurgus Donigala 1.00 0.95 1.00 1.00 

Olmedo-Putifigari 1.00 0.87 0.99 0.97 

Aglientu-Luras 0.99 1.02 1.00 0.93 
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varied for other sites. For the calibration method, b>1 indicates an underestimation for 

four of the pairs and b<1 for the other five pairs. The substitution method had b>1 three 

times and b<1 five times.  

The accuracy and precision for both methods was high (Table 5); however, a 

homogeneous trend was not observed. Differences among HS, substitute, and calibrated 

estimates of PM ETo were marked. In some locations (e.g., Benetutti-Nuoro, Villa San 

Pietro-Decimomannu, Dolianova-Guasila) HS presented much higher RMSE values 

than the other methods. For other station pairs, the difference between HS and the 

calibrated PM was small (e.g., Jerzu-Muravera, Aglientu-Luras). 

 

Table 5. Annual RMSE (mm day
-1

) values for reference ET computed by using HS equation, 

calibration and substitution methods in ten trial stations (bold fonts depict the lowest values). 

TRIAL LOCATION RMSE HS RMSE Calibration RMSE Substitution 

Villa San Pietro-Decimomannu 0.90 0.10 0.17 

Muravera-Dolianova 0.14 0.65 0.23 

Macomer-Modolo 0.17 0.52 0.32 

Dolianova-Guasila 0.71 0.31 0.22 

Jerzu-Muravera 0.63 0.64 0.26 

Benetutti-Nuoro 0.53 0.12 0.07 

Sassari-Olmedo 0.33 0.62 0.24 

Guasila-Siurgus Donigala 0.42 0.22 0.17 

Olmedo-Putifigari 0.43 0.55 0.19 

Aglientu-Luras 0.22 0.20 0.28 

 

In five trials of ten, the calibration method had lower RMSE than the HS ETo. In 

seven trials of ten, the substitution method had lower RMSE values than the HS ETo. For 

two of three trials where the substitution method had higher RMSE than the HS ETo, the 

values were lower than those from the calibration method. For the ten trial locations, the 

mean annual RMSE values were 0.45, 0.39, and 0.21 mm day
-1

 respectively for HS, 

calibration, and substitution methods. 

The t test (P≤0.05) showed that the substitution method was significantly 

different (P-value=0.03) from the calibration method, while the HS and calibration 

methods were not statistically different (P-value =0.59) (Table 6). 
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Table 6. Average RMSE ranking for evapotranspiration estimated with Hargreaves-Samani 

equation, calibration and substitution methods. 

Rank Method Average RMSE 

1 PM substitution 0.21a  
2 PM calibration 0.39b 
3 HS 0.45b 

The averages followed by the same letter are not statistically different (P≤0.05). 

 

Therefore, the substitution method was chosen to estimate the PM ETo for the ID 

network stations. Figure 10 shows the mean summer ETo (mm day
-1

) values for all 60 

meteorological stations on a Sardinian digital elevation map (DEM). The summer ETo 

ranged from 4.5 to 6.3 mm day
-1

. Allocation values were homogeneously distributed. 

The south-west area showed the maximum values, while the central east and extreme 

south showed the lowest ETo. 

Problems related to missing data make the application of the estimation procedure 

difficult. As suggested by Ashraf et al. (1997), however, a mixture of full and partial 

weather stations in a country would be more economical than only full stations in 

relation to network design and variable interpolation methods. Many different studies 

were conducted using estimated variables, and difficulties due to missing data were 

overcome considering various approaches. As suggested by Allen et al. (1998), the use 

of the wind speed from the nearby station when conditions are uniform has given good 

results in studies by Popova et al. (2006) for the Trace plain (south Bulgaria), and 

Sentelhas et al. (2010) in Southern Ontario, Canada. Among methods suggested to 

estimate solar radiation the results obtained using observed solar radiation data from the 

nearby station have shown a better performance than the application of estimation 

procedures when the distance between weather stations is small (Nonhebel, 1994; Hunt 

et al.,1998; Trnka et al., 2005). In fact, results obtained by Hunt et al. (1998) indicated 

that it would be preferable to use measured radiation values if the distance between sites 

is less than 390 km instead of using temperature difference methods such as 

Hargreaves-Samani. Trnka et al. (2005) confirmed the technique by proving that the 

accuracy of daily radiation estimates decreased with increasing distance between 

stations. Indeed, they showed that the R
2
 decreased from 0.95 to 0.60 as the distance 

increased from 17 to 369 km. 
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Figure 10. Mean summer ETo (mm day

-1
) values computed using the FAO Penman-Monteith method 

for 60 meteorological stations in Sardinia. 
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3.3. Interpolation model test 

The tetra spherical model of the semivariogram successfully fit ETo values in 

Sardinia. It takes into account five neighbour stations around a sample point. Sill and 

nugget were set equal to 0.3 and 0.0, respectively. 

The statistical analysis for OK generally showed the best performance (Table 7). RBF 

often performed poorly. The RMSE values ranged from 0.290 and 0.410 mm day
-1

 for 

the k-fold validation, and between 0.421 and 0.472 for the holdout method. In terms of 

k-fold validation, OK showed the lowest RMSE value, while for the holdout method, the 

RBF interpolation gave the lowest error. 

 
Table 7. Assessment of three interpolation methods as well as two cross validation techniques for ETo 

in Sardinia (bold fonts depict the lowest values). 

Statistical index Model k-fold  holdout  

RMSE 

IDW 0.290 0.472 

OK 0.250 0.424 

RBF 0.410 0.421 

    

MAE 

IDW 0.224 0.279 

OK 0.184 0.258 

RBF 0.333 0.284 

    

MBE 

IDW -0.054 -0.016 

OK -0.033 0.005 

RBF -0.044 0.011 

    

MRE 

IDW 0.042 0.053 

OK 0.036 0.049 

RBF 0.061 0.054 

 

With respect to mean absolute error, OK had the best performance in both cross 

validation techniques. RBF gave the highest error (0.333 and 0.284 mm day
-1

) in both 

cross validation computations. Taking into consideration the mean bias error, a slight 

underestimation by k-fold validation for all interpolation models was found. Except for 

IDW, the holdout computation slightly overestimated ETo values. The mean relative 

error confirmed that OK was the optimal interpolation model. Therefore, OK was used 

to interpolate ETo data. 

The holdout evaluation can have a high variance. The evaluation may depend 

heavily on which data points end up in the training set and which end up in the test set. 

Thus, the evaluation may be significantly different depending on how the division is 
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made. The advantage of the k-fold validation method is that it matters less how the data 

are divided. Every data point is included in a test set exactly once and in a training set k-

1 times. The disadvantage of this method is that the training algorithm has to be rerun k 

times, which means it takes k times as much computation to make an evaluation. In this 

work the k-fold validation method gave the best results. 

The derived Sardinian ETo map is shown in Figure 11. The observed summer 

ETo ranges were 4.5-5 to 6-6.3 mm day
-1

, so the map was separated into classes 4.5-5, 

5-5.5, 5.5-6, 6-6.3 mm day
-1

, and each zone represents a range of approximately 0.5 mm 

day
-1

. The lowest class is located in the central-east mountains and south coastal zone.  

Considering the weather conditions trend for representative stations, Villagrande 

Strisaili (813 m a.s.l.) had a higher wind speed than Decimomannu (20 m a.s.l.) (Figure 

12). On the other hand, Decimomannu had higher air temperature (Figure 13 a, b) and 

dew point temperature (Figure 14) than Villagrande Strisaili, even though both stations 

recorded the same solar radiation value (Figure 15).  
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Figure 11. Sardinian summer ETo (mm day

-1
) classes map computed by ordinary kriging. 
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Figure 12. Wind speed annual trend (m s

-1
) in Decimomannu and 

Villagrande Strisaili locations.  

 

 

 
Figure 13. Maximum temperature (a) and minimum temperature (b) annual 

trends for Decimomannu and Villagrande Strisaili stations. 
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Figure 14. Dew point temperature annual trends (°C) for Decimomannu and 

Villagrande Strisaili stations.  

 

 
Figure 15. Solar radiation annual trend (MJ mˉ²dayˉ¹) for Decimomannu and 

Villagrande Strisaili locations. 

 

Geographic information system provides many options for interpolation models 

and procedures. Two common procedures are applied in different studies. One is to 

calculate first and interpolate later (CI) (De Wit and Van Keulen, 1985; Bouma, 1989; 

Stein et al., 1988a, b; Li et al., 2011), and the other is to interpolate first and calculate 

later (IC) (De Wit and Van Keulen, 1985, Li et al., 2011). In this study the CI procedure 

was considered. Stein at al. (1991) and Bechini et al. (2000) tried both methods, and the 

CI was considered the best. Otherwise, Li et al. (2011), in assessing both procedures on 

the yield response factor on winter wheat, discovered that IC was the optimal procedure. 

On the contrary, Markidis et al. (2005) assessed that the CI and IC procedures were 
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similar since they had no effect on the performance of the four interpolation methods 

for the prediction of ETo. 

With respect to different interpolation methods, the ordinary kriging, inverse 

distance weighting, and radial basis function methodologies are frequently applied. 

Results similar to those obtained in this study were shown by Zhao et al. (2005) who 

studied the spatial distribution of air temperature. In fact, RBF produced the worst 

results, while ordinary kriging showed the smallest prediction errors. The same results 

were confirmed by Qian et al. (2005) and Schloeder et al (2001), however, not much 

difference between OK and IDW was observed. Working on temperature, Irmak and 

Ranade (2008) verified that OK gives better results than the others methods.  

Dalezios et al. (2002) investigated spatial variability of ETo in Greece. They 

confirmed that the overall results of the kriging technique indicate that geostatistics can 

be successfully applied to describe the spatial variability of ETo over large geographical 

regions.  

Several studies consider more sophisticated geostatistical methods. They are 

based on empirical equation related to the digital elevation map (Hong et al., 2005; 

Tong et al., 2007) or regression equations that are useful to build a correction model 

related to local topography and slope gradient (Safanda, 1999; Liu, 2002; Zhao, 2003). 

The results obtained from different interpolation methods often show great 

differences, and it is impossible to declare uniquely which is the optimal method. 

Comparison among interpolation methods is a way to determine the most advantageous 

approach for a specific situation.  

 

4. CONCLUSIONS 

This study derived a regional ETo distribution map for Sardinia based on weather 

station data. To obtain an accurate ETo computation, the FAO Penman-Monteith and 

Hargreaves-Samani equations were applied. Results showed that the difference between 

the FAO Penman-Monteith and Hargreaves-Samani equations were evident in relation 

to Sardinian climatic characteristics.  

Different methodologies were applied to address the missing data problem and 

interpolation models uncertainty. An easy way to compute the PM equation, even if 

some weather data are missing, is to make use of observed data from the nearby station 
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when the climatic and topographic conditions are homogeneous. Using this procedure 

improved the estimates of PM ETo with a RMSE= 0.21. It performed better than using a 

correction factor between the FAO Penman-Monteith and the Hargreaves-Samani, 

which had a RMSE=0.39. Among the three interpolation techniques investigated, the 

ordinary kriging model fitted the observed data better; followed by the inverse distance 

weighting and the radial bias function.  

Using station data points to create a regional map simplifies the zonation of ETo 

when large scale computations are needed. Making a distinction based on ETo classes 

allows the simulation of crop water requirements for large areas and potentially leads to 

improved irrigation management and water savings. 
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CHAPTER 3: PROCESSES AND FUNCTIONS OF SIMETAW# - A 

NEW MODEL FOR PLANNING WATER DEMAND IN 

AGRICULTURE  

 

ABSTRACT 

A successful water management scheme for irrigated crops requires an 

integrated approach that accounts for water, soil, and crop management. Most existing 

models are designed only for specific crops and irrigation management, or they are not 

user friendly, thus their adoption by farmers is limited. The SIMETAW# is a user 

friendly soil water balance model, developed by the University of California, Davis and 

the California Department of Water Resource. It is able to assess crop water 

requirements and generate a hypothetical irrigation scheduling for a wide range of 

irrigated crops experiencing full, deficit, or no irrigation. The SIMETAW# model 

computes reference evapotranspiration (ETo) using the FAO Penman-Monteith (PM) or 

Hargreaves-Samani (HS) equations. SIMETAW# computes ETo using observed or 

simulated daily climate data. The simulated data are generated from monthly means. 

The model computes the evapotranspiration of the applied water (ETaw), which is the 

sum of the net amount of irrigation water needed to match losses due to the crop 

evapotranspiration (ETc).  The net irrigation amounts are determined from a daily water 

balance using input crop and soil information and the daily ETc estimates. Using input 

information on irrigation system distribution uniformity and runoff, when appropriate, 

the model estimates applied water to each of four quarters of the cropped field (e.g., the 

1
st
 quarter is the 4

th
 of the field receiving the least water). The gross application to each 

quarter is computed as the ETaw divided by the distribution uniformity. Employing the 

depths of water applied to the four quarters over the season, the actual 

evapotranspiration (ETa) is estimated by quarter.  

The model is able to estimate the number of irrigation events, the water depth of 

each application, and, by computing the daily soil water balance, it simulates when the 

irrigation should be applied. Moreover, setting the crop deficit irrigation and/or rain-fed 

conditions, the model estimates the reduction of yield relative to full irrigation. 

Moreover, the SIMETAW# model adjusts ETo estimates as function of the CO2 

concentration in addition to changes in radiation, temperature, humidity, and wind 
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speed. Thus, it is a useful tool to assess the impacts of climate change on future 

irrigation requirement. 

A brief evaluation of the SIMETAW# model was carried out, and results of the 

ETc, ETa and ETaw estimate showed a good performance of the model. The weather 

generator was also tested and results indicate that it is a reliable and useful tool.  

The computation of the crop irrigation requirement, using a variety of soil types, 

crop management, irrigation system, irrigated and rain-fed condition, allows users to 

identify the most accurate estimates of production and water savings. 

 

1. INTRODUCTION  

Irrigation is usually applied to maximize crop yield, but for some regions it is 

absolutely necessary for production; especially for those countries where the seasonal 

precipitation gradient is pronounced (e.g., the Mediterranean Basin and other arid-and 

desert countries) and where agriculture relies heavily on irrigation (Tong et al., 2007). 

These areas have high productivity when adequate water is available, but because of the 

high demand for irrigation water, low yields often result if irrigation scheduling is 

inaccurate or water resources are inadequate (Musick and Dusek, 1980; Singh and 

Singh, 1995). Agricultural production is vulnerable to the weather conditions and may 

be strongly influenced by the future climate change projections (IPCC, 2007). In fact, 

changes in precipitation patterns, intensity and frequency of extreme events, soil 

moisture, runoff, and evapotranspiration have occurred and substantial changes are 

expected in the future (Bates et al., 2008). Moreover, world population is expected to 

grow by around 2.3 billion people, between 2009 and 2050 (Roetter and Van Keulen, 

2008, FAO, 2009). Therefore, up to two-thirds of the world population could experience 

water scarcity over the next several decades (Shiklomanov, 1991; Raskin et al., 1997; 

Seckler et al., 1998; Alcamo et al., 1997, 2000; Vörösmarty et al., 2000; Wallace, 2000; 

Wallace and Gregory, 2002). Fischer et al. (2007) estimated that irrigation water 

demand is expected to increase over 50% in developing regions, and by about 16% in 

developed regions.  

The decrease in water resources, due to climate change in drought-affected 

areas, is projected to increase in extent and magnitude, with the potential for adverse 

impacts on multiple sectors, e.g., agricultural and urban water supply, energy 
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production, and health (IPCC, 2007). Without appropriate water management, the 

competition between agriculture and other sectors is likely to increase with a 

progressive worsening of water scarcity (EEA, 2009). Assessing the irrigation 

requirement is indispensable for water resource planning and to manage the water 

supply among different economic sectors of a country. Moreover, estimating water 

needs for the agricultural sector is needed for decision support systems to assess which 

crop management strategy is more economically convenient, in terms of water usage, 

crop yield, and satisfactory profits.  

Using models to simulate crop water supply and demand is a functional way to 

estimate the depth of water storage required to satisfy the agricultural sector needs. 

Models are a decision support tool for regional and on-farm system management and 

they are helpful to manage sustainable farming systems (Boote et al., 1996). Models are 

generally defined as simplification or abstraction of a real system (Loomis et al., 1979) 

that includes a set of mathematical equations to integrate current knowledge from 

various disciplines (e.g., agrometeorology, soil physics, soil chemistry, crop physiology, 

and agronomy) to predict crop growth and needs. The use of simulation models is a 

useful complement to experimental research. Optimal management practices, either 

strategic or tactic, are often assessed through proven models for making seasonal or 

within-season decisions (Boote et al., 1996). Models are useful for the analysis and 

interpretation of results of the behaviour of agronomic systems under diverse 

environmental conditions and management options. Since 1969, when Brouwer and de 

Wit produced some of the first models, interest in crop simulation modelling has 

increased dramatically. A crop model provides a quantitative scheme for predicting the 

growth, development, and yield of a crop given a set of genetic features and relevant 

environmental variables (Monteith, 1996). At this time, many crop models have been 

developed, e.g., CERES group (Crop Environment REsources Synthesis, Ritchie et al., 

1985; Jones and Kiniry, 1986), SOYGRO (SOYbean GROwth, Wilkerson et al., 1983; 

Hoogenboom et al., 1992), EPIC (Erosion Productivity Impact Calculator, Williams et 

al., 1989; Jones et al., 1991), ALMANAC (Agriculture Land Management Alternatives 

with Numerical Assessment Criteria, Kiniry et al., 1992), CROPGRO (generic crop 

growth, Boote et al., 1998), CropSyst (Stockle et al., 2003), the DSSAT cropping 

system model (Decision Support System for Agrotechnology Transfer, Jones et al., 
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2003), the Wageningen models (van Ittersum et al., 2003), the APSIM models 

(Agricultural Production Systems Simulator, Keating et al., 2003), STICS (Simulator 

multidisciplinary for Crop Standard; Brisson et al., 2003), and the FAO AquaCrop 

(Steduto et al., 2009; Raes et al., 2009).  

Because of projections for deficits of future water availability, it is necessity to 

focus the attention on crop water requirement (CWR) in addition to yield. Even though 

crop models are developed to estimate the CWR beyond the simulation of observed 

site–specific crop development and yield, the application is still not easy. Despite the 

punctual and accurate output from crop models, many input variables are required to 

calibrate, validate, and use the models. The lack of experimental data needed to 

compute the calibration and validation of the model is an important difficulty that 

restricts the development and use of crop models. Moreover, applying model output on 

regional scale could lead to error because of the site specific calibration and validation 

processes.  

Spatialising crop model output requires large amounts of geographical 

information and crop models are often coupled to geographical information systems 

(GIS) (Nicoullaud et al., 1999; Heinemann et al., 2002). Another solution is to use 

spatialisation techniques, e.g., interpolation methods for reference evapotranspiration 

(ETo), crop evapotranspiration (ETc), yield, and yield response (Ky) factor (Cui et al., 

1998; Markidis et al., 2005; Tong at al., 2007; Li et al., 2011); however, it is not an easy 

application. 

The estimate of the CWR in relation to climate change scenarios is absolutely 

necessary to plan water storage requirements and irrigation scheduling. Technical 

assessment and analysis are needed to determine appropriate management of river 

basins, to enhance knowledge and provide tools to help farmers, technical staff, the 

public administration, and policymakers (Perry and Narayanamurthy, 1998; Rosegrant 

et al., 2001; CGIAR, 2002). The corresponding idea for a decision support system is: 

―Shall we continue to apply crop models as they exist, or shall we create new models 

that require an easy approach?‖ Estimating the CWR at a regional scale requires the 

application of models that do not explicitly simulate crop growth but do provide 

estimates of crop water usage for irrigation planning. A number of computerized 

simulation models based on soil water balance using crop water requirements are 
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available (Feddes et al., 1974; Kincaid and Heermann, 1974; Rowse et al., 1983; Camp 

et al., 1988; Smith, 1991; Foroud et al., 1992; George et al., 2000). Among this type of 

models CROPWAT (Smith, 1991), developed by the Land and Water Development 

Division of FAO, is perhaps the most well-known. These models have been widely 

accepted and used by irrigation researchers and other professionals, but their adoption 

by farmers is limited. Often the models were written for large computers, they were not 

readily accessible to growers, and they were not user friendly. Furthermore, many 

models can only be used for irrigation scheduling of a single field, and their application 

on multiple fields requires several model runs. 

Water shortages are common in the State of California, and this has led the 

University of California, Davis (UCD) and the California Department of Water 

Resources (CDWR) to develop a program for planning the agricultural water demand in 

agriculture. The result was the Simulation of Evapotranspiration of Applied Water 

(SIMETAW) application program (Snyder et al., 2004; Snyder et al., 2012), which is a 

user friendly soil water balance model that is able to assess the irrigation requirement 

and generate a hypothetical irrigation scheduling for a wide range of irrigated crops. 

SIMETAW was originally written in C++, but more recently, the application was re-

written in C#, and the new version is called ―SIMETAW#‖. Unlike other water planning 

applications, SIMETAW# does account for changes in CO2 and climate, so it can be 

applied using climate change projections to provide an estimate of the future reference 

evapotranspiration and crop water demand. SIMETAW# includes a weather generator 

that allows the use of either daily or mean monthly climate data to generate up to 30 

years of daily weather data. Many improvements were made on SIMETAW# compared 

with the SIMETAW model. In fact, SIMETAW# computes a daily water balance taking 

into account a stress coefficient, which is used to account for water deficit effects on 

crop evapotranspiration. Moreover, SIMETAW# accounts for non-uniformity of 

irrigation application and the yield reduction for deficit irrigation and rain-fed condition 

compared with the full irrigation treatment. Another important innovation of the 

SIMETAW# is the estimate of midseason crop coefficients (Kc) values in relation with 

local conditions and climate. Input and output data are arranged by zones of equal 

reference evapotranspiration (ETo) in order to allow for the computation of seasonal 

evapotranspiration of applied water (ETaw) for all crops within each zone. Crop 
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management, weather data, and soil water holding characteristics are the basic inputs to 

compute ETaw, where ETaw is the depth of water applied that contributes to ETc. For 

water resources planning of well watered crops, it is assumed that the net application 

(NA) depth is equal to the mean depth of water needed to refill the low quarter of an 

irrigated field to field capacity (FC). If the irrigation is managed in this way, the ETaw is 

the sum of the NA depths during a cropping season. For each irrigation event, where the 

mean depth of water applied to the low quarter equals the soil water depletion before 

irrigation, the gross application minus runoff (GA-RO) is determined by dividing NA by 

the irrigation system distribution uniformity (DU). The GA-RO is the same as the mean 

depth of infiltrated water over the cropped field. For any given irrigation event, if the 

NA equals the mean depth of water applied to the low quarter and NA equals the soil 

water depletion before irrigation, then the DU is approximately equal to the application 

efficiency (AE). 

The combination of different input data (the season start and end date, soil type, 

crop management, irrigation system, and presence of cover crop) leads to different 

irrigation requirement estimates (ETaw) that allow farmers and technical staff to identify 

the most suitable solution in terms of income and water savings. This paper discusses in 

detail the processes and functions of the SIMETAW# model including the weather 

simulator, estimate of standardized reference evapotranspiration, adjusting the reference 

evapotranspiration for climate change, crop coefficients to estimate well-watered crop 

evapotranspiration, water balance calculations, estimating stress coefficients, adjusting 

for deficit or no irrigation, and potential applications of the model. Moreover, a brief 

application of the SIMETAW# model to assess its performance is shown. 

 

2. THE SIMETAW# MODEL DESCRIPTION 

2.1. Weather input data and ETo computation 

Weather data are indispensable for the computation of ETo, which is the first 

step in estimating well-watered ETc, deficit and no irrigation corrections for estimating 

actual crop evapotranspiration (ETa). SIMETAW# uses either observed or simulated 

daily climate data to calculate ETo. The simulated daily climate are generated from 

monthly values of daily mean data that are (1) input directly or (2) calculated from a set 

of several years of daily climate data.   
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SIMETAW# computes ETo (mm day
-1

) by the use of the standardized reference 

equation for short canopies (Allen et al., 2005), which is also known as the FAO 

Penman-Monteith equation (Allen et al., 1998). It can also compute ETo using the 

Hargreaves-Samani (1985) method if only temperature data are available. The data 

needed to compute ETo includes: solar radiation (Rs, MJ m
-2

d
-1

), maximum temperature 

(Tx, °C), minimum temperature (Tn, °C), wind speed (u2, m s
-1

), dew point temperature 

(Td, °C), and rainfall (Pcp, mm). The ETo equation is: 
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where  (kPa k
-1

) is the slope of the saturation vapour pressure at the mean daily 

temperature Tm (
o
C), es and ed are the saturation vapour pressures at T and Td, 

respectively, 0.066 kPa K
-1

 is the psychrometric constant. The available energy terms 

are net radiation (Rn, MJ m
-2

d
-1

) and ground heat flux (G, MJ m
-2

d
-1

). The Rn is 

estimated from the input variables and G is assumed equal to zero for daily calculations. 

For monthly calculations, G is estimated as:  
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where Tm(i+1) and Tm(i-1) are the mean daily air temperatures for the following and 

previous months, respectively. 

Because of the FAO Penman-Monteith equation considers a standardized crop 

height of 2 m, for wind speeds measured at some height other than 2.0 m, the wind 

speed at 2 m height (u2) is estimated as:  
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where uz is the wind speed (m s
-1

) at height zw (m) above the ground.  

Net radiation, expressed as the sum of net short and net long wave radiation, is 

computed following the procedures in Allen et al. (2005). The first step for the 

computation of net radiation is the estimate of the extraterrestrial radiation (Ra) 

calculated for each day using the following equation from Duffie and Beckman (1980): 
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 where GSC is the solar constant in MJ m
-2

 min
-1 

(0.082),  is the Stefan-Boltzmann 

constant in MJ m
-2

 d
-1

 K
-4

 (4.90  10
-9

);  is the latitude in radians converted from latitude 

(L) in degrees expressed as: 

         (5) 

dr is the correction for eccentricity of Earth‘s orbit around the sun on day i of the year as: 

       (6) 

 is the declination of the sun above the celestial equator in radians on day i of the year as: 

       (7) 

and s is the sunrise hour angle in radians as: 

       (8) 

Net long wave radiation (Rnl) in MJ m
-2

 d
-1

 is
 
computed as: 
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where  is the apparent ‗net‘ clear sky emissivity, f is a cloudiness function, Tx and Tn are 

respectively maximum and minimum temperature. 

The apparent ‗net‘ clear sky emissivity is a function of the actual vapour pressure 

(ea, kPa) at the daily mean dew point temperature:  

ae14.034.0 
        (10)
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clear sky total global solar radiation at the earth‘s surface (Rso) (Jensen et al., 1990; Allen 

et al., 1998) to adjust for cloudiness:  

35.035.1 
so

s

R

R
f

        (12) 

where Rso is function of extraterrestrial radiation and the elevation (El) of the weather 

station: 

 laso ERR 5100.275.0 
      (13) 

The net solar radiation (Rns) over grass in MJ m
-2

 d
-1 

is a function of Rs: 

  sns RR 23.01
        (14) 

where the saturation vapour pressure (es, kPa) is computed as the mean of es(Tx) and 

es(Tn). 

The actual vapour pressure or saturation vapour pressure (kPa) at the mean dew 

point temperature from the daily maximum and minimum temperature (
o
C) and maximum 

(RHx) and minimum (RHn) relative humidity (%) is computed as follow: 
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The slope of the saturation vapour pressure curve (kPa 
o
C

-1
) is function of the mean air 

temperature (Tm) and the saturation vapour pressure at Tm (e
o
) (Tetens, 1930; Murray, 

1967) as: 

 23.237

4099
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The psychrometric constant in kPa 
o
C

-1 
is function of barometric pressure (β) in 

kPa as a function of elevation in meters and latent heat of vaporization (  2.45 MJ kg
-1

) 

as: 




 00163.0

        (17)
 

Because increasing CO2 concentration mainly affects plant physiology (Drake et 

al., 1997), the SIMETAW# model adjusts the ETo computation for CO2 concentration. 

The current global CO2 concentration is about 372 ppm and it is projected to reach about 
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550 ppm by 2050 and more than 700 ppm by 2100 (Prentice et al., 2001). Studies have 

shown that the stomatal conductance (gs) of many C3 plants decreased about 20% when 

the CO2 concentration was increased from 372 to about 550 ppm (Drake et al., 1997; 

Long et al., 2004; Ainsworth and Long, 2005). Following this result, the stomatal 

conductance of 0.12 m tall C3 species grass with a current stomatal resistance (rs) of 100 s 

m
-1

 should decrease from about 10 mm s
-1

 to 8 mm s
-1

. Assuming the relationship remains 

linear beyond the 550 ppm concentration, a correlation regression analysis between the 

stomatal conductance (mm s
-1

) and CO2 concentration (ppm) gives the following 

equation:  

                          (18) 

For 12 cm tall grass, the canopy resistance (rc) is related to the rs and the leaf area index 

(LAI) as: 

    
  

        
          (19) 

and  

   
 

  
           (20) 

combining these three equations, the canopy resistance (m s
-1

) is expressed as a function 

of CO2 concentration (ppm) as: 

 

   
    

                      
       (21) 

 

2.2. Crop-soil input data 

Crop and soil information are input for the SIMETAW# model to calculate the 

soil water balance and determine hypothetical irrigation schedules. The input data 

include (1) the crop name, (2) planting and physiological maturity (ending) date, (3) 

hectares planted, (4) maximum soil and rooting depths, (5) soil water holding 

characteristics or soil texture, (6) irrigation frequency during the initial growth, (7) 

allowable depletion (AD), (8) percentage shading of the ground in relation to the growth 

date, (9) presence of cover crops, (10) irrigation system, (11) the percentage of the full 

irrigation requirement (PIR), (12) irrigation application rate, (13) the system distribution 



 
Noemi Mancosu - Agricultural water demand assessment using the SIMETAW# model. 

Tesi di Dottorato in Agrometeorologia ed Ecofisiologia dei Sistemi Agrari e Forestali - XXV ciclo – Università degli Studi di Sassari 

 

 127 

uniformity, (14) irrigation runoff fraction (IRF) for gravity and poorly designed 

sprinkler irrigation systems. 

Note that default values for application rate and distribution uniformity are 

determined for the irrigation method categories (1) sprinkler, (2) drip, (3) micro-

sprinkler, and (4) gravity (surface) irrigation.  

The SIMETAW# model follows the soil water balance principles described in 

section 2.1 – ―The soil water balance‖ of chapter one. Crop rooting depth, maximum 

soil depth, and soil water holding characteristics are used to calculate the yield threshold 

depletion (YTD), first information need to compute a crop and soil specific irrigation 

schedule. Three general categories for the volumetric available water holding capacity 

(A) in mm of H2O per mm of soil depth are considered by the model. The program uses 

A =0.075, A =0.125, and A =0.175 mm of water per mm of soil depth for light (L), 

medium (M), and heavy (H) soils, respectively. Moreover, some of the most common 

type of soil and relative A set up in the model can be select. The A value is multiplied 

by the effective rooting depth (mm) to determine the plant available water (PAW) in 

mm within the soil reservoir. It also assumes that FC is double the PAW, This 

assumption has no effect on the water balance calculations, but it is useful for plotting 

results. The SIMETAW# model allows for input of the AD with a default value 

AD=50%, which is reasonable for most field and horticultural crops. The YTD is 

computed as: 

 

    
      

   
        (22) 

 

In the SIMETAW# program, a user can select whether or not to irrigate to 

irrigate a crop. When the crop is cultivated under rain-fed conditions ―R‖ is selected. 

When the irrigated option is selected, the irrigation system type can be set as ―G‖ for 

gravity (surface), ―D‖ for drip (low volume), ―S‖ for sprinkler, and ―M‖ for micro-

sprinkler irrigation systems. The default values for system application rates and 

distribution uniformity percentages (DU) are presented in the Table 1. The distribution 

uniformity for each system was obtained from information reported in the Agricultural 

Water Use in California (The Centre for Irrigation Technology, 2011).  
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Table 1. Application rate (mm h
-1

) and distribution 

uniformity (%) for gravity and pressurized systems. 

System AR (mm h-1) DU (%) 

Gravity 11.2 75 

Drip 0.70 85 

Micro-sprinkler 1.30 80 

Sprinkler 3.20 75 

 

2.3. The weather generator 

The weather generator is a useful tool that simulates daily data using either daily 

or monthly mean data as input. If daily data are input, it first calculates the monthly 

mean values and then generates the daily simulation. This feature was included to allow 

for testing of the simulation model and to generate 30 years of data from climate data 

with fewer years of record. For example, if only five years of data are available, those 

data are used to calculate monthly means and then the 30 year simulation is generated. 

The SIMETAW# weather generator follows the principles described in Geng et al. 

(1986) using either daily or monthly data input. The application program can also use 

observed daily climate data for calculations. Climate data files include daily values for 

solar radiation, maximum and minimum temperature, dew point temperature, and wind 

speed. Daily data files also include precipitation, and the monthly files have the monthly 

total precipitation and the number of days per month having significant precipitation 

where significant precipitation is defined as two times the daily ETo rate. When daily 

data are generated from monthly climate data, the program forces a negative correlation 

between rainfall amount and ETo rate within each month assuming that rainfall amount 

is inversely related to ETo.  

A gamma and Markov chain modelling approach is often applied to describe 

rainfall patterns for periods within which rainfall patterns are relatively uniform 

(Gabriel and Neumann, 1962; Stern, 1980; Larsen and Pense, 1982; Richardson and 

Wright, 1984). This generalization takes into account the fact that the rainfall patterns 

are usually skewed toward extreme heavy amounts and the rain status of the previous 

day tends to affect the present day‘s condition. The two-state approach consists of a first 

order Markov chain and a gamma distribution function. Normally, this type of two-state 

model requires long-term daily rainfall data to estimate model parameters (LONG 
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method). SIMETAW# uses only monthly averages of total rainfall amount and the 

number of rainy (Nrd) days to obtain all parameters for the Gamma and Markov Chain 

models (GENG method). As pointed out by Geng et al. (1986) the simplified GENG 

method performs as well as the LONG method, and both methods perform extremely 

well relative to observed data. The GENG method includes parameters of two 

transitional probabilities from: (1) a wet day to a wet day [P(W/W)], and (2) a dry day to 

a wet day [P(W/D)]. The gamma function parameters are  and , where    is the 

mean and    
2
 is the variance of the distribution. Occurrence of a wet day is 

determined by comparing the computer-generated random uniform deviates with the 

estimated transitional probabilities using the derived gamma function parameters. The 

amount of rainfall for a wet day is generated from  and  estimates based on a method 

developed by Berman (1971). The following empirical relationships between the 

parameters greatly simplified the number of parameters needed to estimate the four 

parameters Geng et al. (1986) using the monthly means of the number of wet days and 

rainfall amount:  

 P(W/D) = 0.75  (fraction of wet days in a month);    (23) 

 P(W/W) =  0.25 + P(W/D);       (24) 

  = -2.16 + 1.83  (per wet day rain amount);    (25) 

  = (per wet day rain amount)/.      (26) 

The simulation of wind speed is a simple procedure, requiring only the gamma 

distribution function, which was previously described. 

The temperature, solar radiation, and humidity data typically follow a Fourier 

series distribution. A model for the variables is expressed as: 

 

 kikikiki CX   1
                                                                                 (27)  

 

where X is the estimated variable, k = 1 represents maximum temperature, k = 2 

represents minimum temperature, and k = 3 represents solar radiation. The estimated 

daily mean is ki, Cki is the estimated daily coefficient of variation on the i
th

 day for i = 

1, 2, ... , 365 and for the k
th

 variable, and ki is a noise factor, assumed to follow a 

weakly stationary generating process. 
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The estimated daily mean is function of is the annual mean (k), the amplitude 

of the cosine curve for the k
th

 variable (k), and the day of the year when the peak of the 

corresponding k
th

 variable curve occurs (qk) as follow: 

 















 


365

2
cos k

kkki

qi


      (28) 

The SIMETAW# application program uses only the monthly mean data, which 

simplifies the simulation process. From a study of 34 locations in the USA, the 

observed coefficient of variation (CV) for temperature variables was inversely related to 

the means. Then, assuming the same CV for daily data, the monthly CV values were 

used to determine the daily means. A series of functional relationships between the 

parameters of the mean curves and the parameters of the coefficient of variation curves 

made it possible to calculate Cki coefficients from ki curves without additional input 

data. For maximum temperature: 

   
 








 


365

2
cos0952.063.4exp00573.0536.0 111

qi
C i 

                 (29)

 

For minimum temperature:  

   
 








 


365

2
cos146.064.4exp0466.0exp 222

qi
C i 

                      (30)

 

For solar radiation, the mean CVs are more or less constant.  

Temperature and solar radiation are associated with rainfall, and the correlation 

is accounted for using: 

 

di = 10 (1 – 2f)                                                                                               (31) 

 

where di  is the temperature difference between dry and wet days, and f is the fraction of 

number of wet days in a year (f = 0.5 if f > 0.5)  

For solar radiation the di is defined as: 

 

si Ld 35.012.3410 
    (32) 

where L is the latitude (degrees + for north) and s is the annual mean daily radiation in 

langleys (1.0 Ly = 1.0 cal cm
-2

 = 1.0 MJ m
-2

).  

 



 
Noemi Mancosu - Agricultural water demand assessment using the SIMETAW# model. 

Tesi di Dottorato in Agrometeorologia ed Ecofisiologia dei Sistemi Agrari e Forestali - XXV ciclo – Università degli Studi di Sassari 

 

 131 

2.4. Crop coefficient values and corrections 

Default crop coefficient values are included in SIMETAW# using information 

provided by the FAO 24 (Doorenbos and Pruitt, 1977), FAO 56 (Allen et al., 1998), and 

several more recent papers. SIMETAW#, however, allows users to update or modify Kc 

values for local conditions, crop type (see section 2.3-―Crop coefficient‖ of chapter 

one), and climate. 

The initial growth Kc value for annual field crops is mostly dependent on the soil 

surface wetting by frequent rainfall or sprinkler irrigation, so the table values for initial 

growth Kc are typical but not always correct. During the off season (quiescence period 

for deciduous tree crops, from the harvest to the next planting date for annual crops) and 

the initial growth, evaporation (E) is the main component of ET. Therefore, the Kc for 

bare soil is useful to estimate the off-season and the initial growth period ETc. A two-

stage method for estimating soil evaporation presented by Stroosnijder (1987), refined 

by Snyder et al. (2000) and Ventura et al. (2006) is used to estimate the bare soil Kc 

values.  

During stage 1, the soil evaporation rate is limited only by energy availability to 

vapourize water. In stage 2, the soil has dried sufficiently that soil hydraulic properties 

limit the transfer of water to the surface for vaporization. The crop coefficient curves for 

bare soil were developed with equations for estimating cumulative soil evaporation 

(CEs) using the maximum possible cumulative soil evaporation (CEx) and a soil 

hydraulic factor β=2.6. The β factor is soil specific and depends on the rate of water 

transfer through an unsaturated soil surface layer. However, the value β=2.6 is believed 

to be a typical value. For each value of ETo, the cumulative ETo (CETo) was calculated 

for "di" days between irrigation or rainfall events as: 

oio ETdCET          (33) 

The maximum possible soil evaporation on each day (Ex) was estimated as: 

xox KETE 
         (34)

 

where:  

ox ETK 04.022.1 
       (35)
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Then, the cumulative maximum soil evaporation was calculated as: 

oxx CETKCE 
        (36)

 

when  

xCE , then xs CECE 
       (37)

 

and when 

xCE , then 
xs CECE 

       (38)
 

The model estimates the crop coefficients for near-bare soil by cumulative soil 

evaporation (CEs), the mean ETo rate ( ETo ) and the mean number of days between 

irrigation events as: 

oi

s
c

CETd

CE
K




        (39)

 

where CEs represent the ETc during the off season and initial growth as: 

CEs = Kc × ETo × di        (40) 

Figure 1 shows the bare soil Kc as a function of ETo rate and a range of soil 

wetting frequency.  

 

Figure 1. Crop coefficient (Kc) for near-bare soil values (less than 10% shading of 

the ground) as a function of daily mean ETo rate and days between significant 

rainfall or irrigation (>5.0 mm) (based on Ventura et al., 2006).  
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For deciduous tree and vine crops without ground cover vegetation the Kc values 

at leaf out (Kc1) are set equal to that of the bare soil evaporation on that date. The 

assumption is that the ETc for a deciduous orchard or vineyard at leaf out should be 

about equal to the bare soil evaporation. With ground cover vegetation, the Kc values for 

deciduous trees and vines are set higher depending on the amount of cover. In general, 

adding 0.35 to the in-season no-cover Kc for a mature crop, but not to exceed 1.15, is 

recommended. With immature crops, adding more than 0.35 may be required. For a 

ground cover vegetation during the off-season, adding 0.35 to the bare soil Kc, but not 

exceeding 0.90, is recommended. During the off-season, a Kc of 0.90 is used because 

shading by the trunks and branches are assumed to reduce the ground cover ET slightly 

below ETo. 

Immature deciduous tree and vine crops use less water than mature crops. The 

following equation is used to adjust the mature Kc values (Kcm) as a function of 

percentage shading (Cg) by the crop.  

If sin 1.0
70 2

gC  
 

 
 then Kc=Kcm else sin

70 2

g

c cm

C
K K

  
   

     (41)

 

Initially, SIMETAW# extracts the tabular midseason Kc values from data stored 

in the program. However, the midseason Kc values are known to vary with climate. The 

climate correction equation is: 

  13.71654.0  ctaboctabcmid KETKK
    (42)

 

where Kcmid is the corrected midseason crop coefficient and Kctab is the tabular 

midseason Kc value that is likely to be found during midseason in a climate with ETo 

=7.3 mm day
-1

, which is similar to the midsummer ETo in Davis, California. Clearly, the 

Kcmid values increase as ETo rises relative to 7.3 mm day
-1

 and it decreases as ETo falls 

below 7.3 mm day
-1

. 

 

2.5. Crop evapotranspiration 

During the off-season and the initial growth period the SIMETAW# model 

estimate the ETc as the product of ETo and Kc for near-bare soil. Afterwards, based on 

crop data input, soil, and irrigation information, Kc curves from the rapid growth to the 
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late season is determined, and the daily crop evapotranspiration is calculated as the 

product of ETo and Kc. 

 

2.6. Water balance calculations 

The SIMETAW# model is able to compute the daily water balance for the most 

common crops (annual and tree crops) in relation to the input data. Because the soil 

water balance is calculated each day, rainfall runoff onto a cropped field is ignored. 

Likewise, horizontally transfer of water deep percolation and capillary rise onto a 

cropped field are also ignored.  

The daily soil water balance is computed, and the soil water depletion (SWD) is 

updated daily by adding the ETc of the current day to the SWD of the previous day as: 

SWDi = SWDi-1 + ETci        (43) 

where i represent the current day and i-1 specified the previous day. 

The amount of precipitation (Pcp) that is stored and potentially contributes to ET 

is called effective rainfall (Re). If rainfall occurs and the Pcp exceeds the SWD, the 

Re=SWD and the soil returns to field capacity. If the Pcp event does not exceed the 

SWD, the Re=Pcp and the SWD is reduced by an amount equal to the Re. 

If a crop is pre-irrigated, then the SWD is set equal to zero on the day preceding 

the season. If it is not preirrigated, then the SWD on the day preceding the season is 

determined by the soil water balance during the off-season before planting or leaf-out.  

Some crops are frequently irrigated during the initial growth period. Thus, if an 

irrigation frequency for the first period is set in the input file, the program will schedule 

the first irrigation events as established. After the initial growth period, irrigation events 

occur when the SWD reach a determined maximum threshold depletion. The maximum 

threshold depletion is known as ―management of allowable depletion‖ (MAD). In fact, 

because of the crop growth the MAD needs to be estimate in relation to the CETc and 

change in water content (SW), while during the initial growth period the MAD = CEs. 

 

2.7. Evapotranspiration of applied water  

Evapotranspiration of Applied Water (ETaw, mm) is the sum of the net irrigation 

applications (NA) during the crop growing season. Computing an estimate of the net 



 
Noemi Mancosu - Agricultural water demand assessment using the SIMETAW# model. 

Tesi di Dottorato in Agrometeorologia ed Ecofisiologia dei Sistemi Agrari e Forestali - XXV ciclo – Università degli Studi di Sassari 

 

 135 

application (NAe) is the first step for the water balance computation. The NAe equals the 

product of application rate (AR) and the hours of runtime (RT): 

 

                  (44) 

 

Selecting the desired irrigation frequency during midseason, the program 

estimates of the hours of runtime needed for each irrigation as: 

 

   
      

  
        (45) 

 

where ETms is the ETo during the midseason (mm day
-1

), and d is the irrigation 

frequency.  

A pressurized irrigation system normally maintains similar distribution 

uniformity regardless of the water amount applied, so during deficit water conditions, 

the best irrigation procedure is to maintain the same timing of irrigation and reduce the 

application amount for each irrigation event. This will generally increase the application 

efficiency because less water goes to deep percolation and runoff. SIMETAW# keeps 

the same irrigation timing for fully irrigated and deficit irrigation schedules, but 

decreases the amount applied at each irrigation event. To do this, the program first 

calculates a schedule assuming there is adequate water available to avoid yield 

reduction due to water stress.  

In this process, the model calculates the CETc and estimates the ETaw for an 

unstressed crop as: 

 

ETaw = CETc(A-E) – (YTDc - YTDos)      (46) 

 

where CETc(A-E) is the cumulative ETc during the in-season from stage A to E, YTDc is 

the maximum yield threshold depletion (during mid season) and YTDos is the yield 

threshold depletion during the off-season. At this point in the modelling process, it is 

impossible to know the real ETaw because the soil water balance is not computed so far, 

but the equation provides a reasonable estimate for ETaw assuming that there is little 

effective rainfall and the soil is fairly dry at the end of the season. 
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The ideal number of full irrigation events (Nic) is function of the ETaw, which is 

computed as  

 

    
    

    
         (47) 

 

where the MADc is the management allowable depletion during period midseason. The 

MADc is determined by rounding the NAe to the next lower integer value. 

A typical distribution uniformity percentage is used to estimate the seasonal sum 

of gross application amounts (GAc) from the ETaw. After converting the DU% to a 

fraction (DU=DU%/100), the seasonal sum of the gross irrigation applications for the 

fully watered crop (GAc) is estimated as:  

  o
aw

c R
DU

ET
GA        (48) 

where Ro (mm) is the estimated sum of the seasonal runoff, or as:  




  o

e

c R
DU

NA
GA        (49) 

the GAc (mm) is an estimate of the applied water needed to fully irrigate a crop. Note 

that the infiltrated water into the cropped field is calculated as IRF=GAc-Ro. For well 

designed sprinklers and drip and micro-sprinkler systems, the Ro should be equal to 

zero. The Ro is computed from the input irrigation runoff percentage (IRP), which is 

specific to a given irrigation system, and the GAc. The seasonal irrigation runoff is 

calculated from the input irrigation runoff percentage (IRP) as: 









 

100

IRP
GAR co

       (50)

 

After these calculations and knowing the MAD and the Nic, the program is able to 

compute the soil water balance for a fully irrigated crop. 

The water allocation (WA, mm) is the amount of water that is available for the 

irrigation during a season, and it is computed as: 











100

PIR
GAWA c

       (51)
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where PIR is the percentage of the full irrigation requirement for the crop that is 

allocated for the cropping season. The PIR=100 for full irrigation and PIR=0 for rainfed 

crops. 

When water deficit conditions are considered, the PIR < 100% and the water 

allocation is lower than for a fully irrigated crop. Thus, the sum of the irrigation depths 

to the low quarter of a deficit irrigated crop (NAa) is computed as: 

  DURWANA oa          (52)
 

Then, the management allowable depletion for the deficit irrigated crop (MADa) is 

calculated as: 

       
   

   
         (53) 

In case of pressurized systems Nia is equal to Nic and the MADa is less than the MADc. 

Because the distribution efficiency of surface (gravity) irrigation depends greatly 

on the time needed to evenly distribute water across the field, it is difficult to change the 

application amount for any given irrigation event. Therefore, the SIMETAW# program 

forces surface irrigation to have a similar management allowable depletion as the fully 

irrigated crop. During deficit water supply conditions, the number of irrigation events is 

reduced, but the depth of water applied is similar for each irrigation event. Nia is 

calculated as the sum of the net applications in deficit condition divided by the 

management allowable depletion for the fully irrigated crop as: 

 

    
   

    
         (54) 

 

As the water allocation decreases, the number of irrigation events decreases, 

while the MADa remains slightly less than or equal to MADc. Then, the management 

allowable depletion for the deficit irrigated crop is calculated as: 

      
   

   
        (55) 
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2.8. Determination of the stress coefficient and fraction of potential yield 

Since the SIMETAW# program is able to compute the soil water balance in full 

irrigation and water deficit conditions, the actual crop evapotranspiration (ETa) is 

computed as the product of the well-watered crop evapotranspiration and the stress 

coefficient (Ks) as: 

 

sca KETET 
         (56) 

 

The Ks is computed as function of the SWD under deficit water conditions (SWDa) as: 

 

     
                     

         
             (57) 

 

If Ks=1, it means that there is no water deficit condition, while a Ks<1 implies a 

water deficit. The cumulative well-watered (CETc) and actual (CETa) crop 

evapotranspiration are computed by summing the daily ETc rates from the first through 

the last day of the season as: 





n

i

icc ETCET
1

,

         (58)

 





n

i

iaa ETCET
1

,

        (59)

 

for i = 1 to n where n is the number of days in the season. 

The ratio of CETa to CETc is computed, and the fractional decrease in 

evapotranspiration (CETd) due to water stress is calculated as one minus the ratio: 

c

a
d

CET

CET
CET 1

                 (60)

 

The ratio of actual to potential yield (Ya/Yc) for a well-watered crop is computed 

as: 
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11

       (61)

 

where the KY are coefficients that relate the relative reduction in cumulative ET to the 

relative reduction in yield. The KY values come from the UN-FAO Publication 33 

(Doorenbos and Kassam, 1979). Strictly speaking, this yield ratio estimate is based on 

the ratio of actual to potential seasonal transpiration. To estimate the transpiration rates 

would require crop specific, complicated growth and evapotranspiration models that 

separate evaporation and transpiration from evapotranspiration, and that information is 

nearly impossible to employ in a model like SIMETAW#, which is designed to roughly 

estimate the actual to potential yield for a large number of crops with limited input 

information. Therefore, SIMETAW# uses the assumption that the ratio of CETa to CETc 

is approximately equal to the ratio of CTa to CTc, whcre CTa and CTc are the cumulate 

seasonal transpiration totals for the deficit and fully irrigated crops, respectively.  

The FAO 33 publication contains KY values for several crops, but KY values are 

not known for all crops. If the KY value is unknown for a particular crop, then KY =1.0 is 

used. In water stress conditions, the deficit irrigated crop yield is reduced relative to the 

full irrigation yield. For crops with unknown KY values, assuming KY =1.0 is equivalent 

to assuming that a 1% reduction in transpiration due to stress will lead to a 1% 

reduction in biomass production. For crops that produce reproductive parts rather than 

biomass alone, this is still a fair assumptions because, unless there is a severe irrigation 

deficit, the reduction in transpiration typically occurs later in the season when biomass 

is accumulating more in the reproductive parts. Thus, this modified version of the FAO 

33 approach seems reasonable to obtain estimates of the actual to potential yield ratio 

for a large number of crops. 

Since water application to a cropped field is non-uniform, the SIMETAW# 

program estimates yield based on the mean depth of water applied to the low, 2
nd

, 3
rd

, 

and high quarter of the field. The low (1
st
) quarter application is the mean depth of 

water applied to the one quarter of the field receiving the least amount of water. The 

high (4
th

) quarter application is the mean depth of water applied to the one quarter of the 

field receiving the most water, and the 2
nd

 and 3
rd

 quarters are the mean depths of water 

applied to the intermediate quarters of the field.  
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 The seasonal mean depth of applied water for a fully irrigated crop is GAc, and 

the depth applied to the low (1
st
) quarter is:  

GAc ETaw/DU+Ro        (62) 

For a deficit irrigated crop, the mean depth of applied water (or water allocation) 

to the entire crop is: 

  100IRPGAAW c         (63) 

and the depth of water applied to the low quarter is: 

  DURAWAW o  1        (64)
 

 The high (4
th

) quarter mean depth applied is computed as:  

 14 AWAWAWAW 
      (65) 

 The 2
nd

 quarter mean depth applied is equal to the sum of AW1 and 1/3 of the 

difference between the high and low quarter mean depths applied, so:  

 1412 31 AWAWAWAW 
     (66) 

 The 3
rd

 quarter mean depth applied is equal to the sum of the low quarter depth 

and 2/3 of the difference between the high and low quarter mean depths applied:  

 1413 32 AWAWAWAW        (67) 

 The AW1, AW2, AW3, and AW4 are the seasonal, actual depths of water applied to 

the four quarters, so: 

  












1004

4321 PIR
GA

AWAWAWAW
AW c    (68) 

SIMETAW# calculates the seasonal CETa for the deficit irrigated crop by 

calculating ETa = ETc  Ks on each day of the season. The CETa is the cumulative ETa 

corresponding to a mean depth of applied water to the low quarter for AW1  ETaw. 

When CETa=CETc, then AW1=ETaw. When there is stress, CETa<CETc and AW1<ETaw. 

The difference between CETa and AW1 is the amount of CETa coming from sources 

other than irrigation, e.g., effective precipitation, seepage, and stored soil water. The 
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CETa corresponds to the depth of water applied to the low quarter (AW1). Assuming the 

other three quarters of the cropped field receive the same depth of water from sources 

other than irrigation, i.e., CETa-AW1, the estimated CETa for WA2, WA3, and WA4 is 

WA2+(CETa-AW1), WA3+(CETa-AW1), and WA4+(CETa-AW1), respectively. None of the 

four CETa values is allowed to exceed CETc. The ratio of the seasonal actual to potential 

evapotranspiration, i.e., CETa/CETc, is computed for each quarter and the decrease in 

the evapotranspiration ratio is computed as: 1 - CETa/CETc for each quarter. Then the 

actual to potential yield ratio is computed as: 1 - KY (1-CETa/CETc) for each quarter. 

Finally, the mean of the four yield ratios is computed to provide an estimate of the yield 

effect of the deficit irrigation. This approach accounts for the irrigation system in 

addition to the irrigation deficit. 

 

2.9. Rain-fed Agriculture 

When a crop is grown in rain-fed conditions, there are no irrigations, so the 

ETaw, DU, and MAD are not computed. The only additions of water are from 

precipitation. The SIMETAW# program still calculates the daily water balance for a 

fully irrigated crop because the CETc information is needed to determine the well-

watered yield for the crop. However, the stress function is determined using the SWD, 

YTD, and PWP as previously discussed. The CETc and CETa are determined as in the 

irrigated crop cases. Finally, the Ya/Yc is still determined using the CETa and CETc 

calculations.  

 

3. MATERIALS AND METHODS 

3.1. Datasets 

To test the performance of the SIMETAW# model, data from three field studies 

were used. The first experimental study (site 1), was carried out by Bryla et al. (2005) in 

a peach field [Prunus Persica (L.) Batsch], planted at the USDA-ARS San Joaquin 

Valley Agricultural Research Center in Parlier, California. Peach trees (cv. Crimson 

Lady) were spaced 1.8 m apart within rows and 4.9 m apart between rows. The soil was 

fine sandy loam, and the rooting depth was around 1 m. Irrigations were provided by 

furrow and drip system, and the schedule was based on ETc measured hourly on two 
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well-watered peach trees growing in a weighing lysimeter. The lysimeter contained 

trees of the same variety, age, and planting density as trees in the orchard. Furrow 

irrigation was applied to the orchard twice per week while drip irrigation was applied 

every day. Irrigation application occurred from the beginning of April through mid-

October. The research project was conducted during 2002 through 2004 and results 

were used to assess the accuracy of the SIMETAW# model in estimating monthly ETc 

and the ΣNA. Weather data necessary to estimate ETo using the Penman-Monteith 

equation (Allen et al., 2005) were obtained from the California Irrigation Management 

Information System (CIMIS) station (Snyder and Pruitt, 1992) nearby the experimental 

site (Parlier, 36°35'52''N; 119°30'11''W; 103 m a.s.l.). The model estimated ETc 

following the procedures described in section 2.5. Then, using crop, soil, and 

management data reported in the experimental study, the ΣNA for each month for 

furrow and drip irrigation were estimated.  

The second experimental study (site 2), was carried out by Snyder and O‘Connel 

(2007) on navel orange orchard [Citrus sinensis (L.) Osbeck] near Lindsay, California 

in Tulare County. Tree spacing was 5.8 m within rows and 6.1 m between rows. The 

soil was a fine sandy loam, and the rooting depth was around 1.2 m. Irrigation was 

applied with micro-sprinklers every 4–6 days during summer. There was no irrigation 

from October/November through mid-March. A surface renewal (SR) station was set up 

inside the orchard to measure ETc, while weather data used to calculate ETo by the 

Penman-Monteith equation (Allen et al., 2005) came from the CIMIS station at the 

University of California Lindcove Field Station (36
o
21'26"N; 119

o
03'31"W; 146 m 

a.s.l.) located 19 km from the study site. Results of daily ETc, monthly ΣNA, and 

monthly number of irrigation for the 2003 and 2004 seasons of the experiment were 

used to assess the performance of the SIMETAW# model. The SIMETAW# model was 

run every year considering the weather data, soil, and crop management information of 

the experimental study.  

The third experimental study (site 3), was carried out by Snyder et al. (2012) at 

the Campbell Tract at the University of California, Davis. Wheat (Triticum aestivum L. 

subsp. aestivum) variety ―Lassik‖ was cultivated in rain-fed conditions from November 

26, 2011 until June 11, 2012. The soil was a Yolo silty clay loam (25% sand, 50% silt, 

25% clay) with infiltration rate of about 28.6 mm h
-1 

and A = 0.20 mm. Rooting depth 
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was about 1.7 m. The development dates were A (26 Nov.), B (10 Jan.), C (20 Mar), D 

(15 May), and E (10 Jun), and the percentages for each growth stage from data A were 

23% (A-B), 58% (A-C), 87% (A-D), and 100% (A-E). ETa was computed by using the 

weighing and floating lysimeters, the surface renewal, and eddy covariance (EC) 

methods. During early growth, because of the low ETa values, data were only collected 

by the two lysimeters. From mid-February on, the EC and SR methods were also used 

to estimate ETa. In early May, ETa from the weighing lysimeter dropped dramatically, 

and in late May the floating lysimeter measurements resulted also dramatically low. The 

decrease in early and late May was likely due to the lysimeters running out of water. 

Thus, considering that the EC and SR observations clearly indicated that the season was 

longer than indicated by the lysimeter data, an accurate computation of the ETa was 

possible by using the EC and SR data at the end of the season. Weather data and ETo 

estimates came from the CIMIS station (Davis, 38
o
32'09"N; 121

o
46'32"W; 18 m a.s.l.), 

located about 200 m south of the lysimeters. Following information reported above, ETa 

was computed by the use of the SIMETAW# model. 

 

3.2. Weather data simulation 

Thirty years of daily weather data were simulated using 29 years of observed 

mean daily weather data by month (1983-2011) from the California CIMIS weather 

station of Shafter, California (35
o
31'59"N; 119

o
16'52"W; 110 m a.s.l.). The weather 

data consist of Rs, Tx, Tn, u2, Td, and Pcp. Then, observed and simulated mean daily 

climate data were compared.  

 

3.3. Statistics 

The performance of the model in estimating the ETc, ETa, and ΣNA was 

determined by statistical analyses. Several indexes, including the calculation of 

correlation and differences between estimated and measured series, were used. 

The simulated data were analyzed calculating the Pearson‘s correlation 

coefficient (r), root mean squared error (RMSE), general standard deviation or relative 

root mean squared error (GSD), mean absolute error (MAE), mean bias error (MBE), 

and mean relative error (MRE).  
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The Pearson‘s correlation coefficient provides a measure of how strong is the 

correlation between simulated and observed series, and its range is between -1 and 1. A 

value of r = 0 indicates that there is no linear relationship between simulated and 

observed values, whereas r = 1 indicates a perfect linear relationship.  

The RMSE, which is defined as the variation between predicted and measured 

values, expressed in the same unit as the data, (Loague and Green, 1991; Xevi et al., 

1996), was used to test the accuracy of the model: 
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where n was the number of samples, Zi and Ẑi  were respectively observed and estimated 

values for observations i=1,2,…, n. The RMSE was also normalized by dividing it by 

the observed annual mean (  ) to obtain the GSD: 
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To measure the tendency of the model to overestimate or underestimate the 

measured values the MBE was used: 

 

(71)

 

 

A positive MBE indicates the tendency of the model to over predict a variable while a 

negative bias error implies a tendency to under predict values. 

Moreover, MAE and MRE were used to measure the absolute and relative error 

between simulated and observed data: 
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 MAE values near or equal to zero indicate a better match along the 1:1 line 

comparison of estimated and observed values in the same units as the observations 

(Rasse et al., 2000). The MRE statistic also indicates the match of estimated to observed 

values, but the value is relative to the observed data.  

 

4. RESULTS AND DISCUSSION 

4.1. Simulation of the crop evapotranspiration and irrigation scheduling  

The SIMETAW# model estimated the in-season CETc for peach at site 1 equal 

to 1026, 1020, and 1048 mm, while the observed values were equal to 1100, 1081, and 

1041 mm, in 2002, 2003, and 2004, respectively. As shown in Figures 2-4, the 

estimated and observed monthly ETc values followed the same trend. The match 

between predicted and observed ETc values during the irrigation season was good. 

Moreover, for some months, a perfect ETc estimate was observed, e.g., May and June 

2002 (Figure 2) and during the summer of 2004 (Figure 4).  

 

 
Figure 2. Monthly estimated and observed ETc (mm) data of peach in site 1 (2002). 
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Figure 3. Monthly estimated and observed ETc (mm) data of peach in site 1 (2003). 

 

 
Figure 4. Monthly estimated and observed ETc (mm) data of peach in site 1 (2004). 
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) were fairly low. On the contrary, a slightly overestimation 

of ETc in 2004 was noticed.  

0 

50 

100 

150 

200 

250 

Apr May Jun Jul Aug Sep Oct 

ET
c 

(m
m

) 

Time (month) 

Estimated Observed 

0 

50 

100 

150 

200 

250 

Apr May Jun Jul Aug Sep Oct 

ET
c 

(m
m

) 

Time (month) 
 

Estimated Observed 



 
Noemi Mancosu - Agricultural water demand assessment using the SIMETAW# model. 

Tesi di Dottorato in Agrometeorologia ed Ecofisiologia dei Sistemi Agrari e Forestali - XXV ciclo – Università degli Studi di Sassari 

 

 147 

Table 3. Summary of predicted and observed monthly peach ETc data by year at site 1. 

STATISTICAL 
INDEX 

   

ETc (2002) ETc (2003) ETc (2004) 

Simulated 
(mm) 

Observed 
(mm) 

Simulated 
(mm) 

Observed 
(mm) 

Simulated 
(mm) 

Observed 
(mm) 

CETc 1026 1100 1020 1081 1048 1041 
Min 39 56 43 54 58 76 
Max 219 240 210 227 213 210 
Samples 7 7 7 
r 0.92*** 0.84** 0.95*** 
RMSE 27.5 32.69 15.99 
GSD (%) 20 21 11 
MAE 22.05 25.93 11.57 
MBE - 10.52 - 8.64 1 
MRE 0.22 0.24 0.12 
*p≤0.02; **p≤0.01; ***p≤0.001; ns=not significant. 

 

The ETaw in 2002 was 990 and 1000 mm for drip and furrow irrigation, 

respectively, compared with 1029 mm of the observed data. 

Results of the estimate of ΣNA for peach in 2002, showed an underestimate in 

July for both drip and furrow irrigation, while for the rest of the irrigation season the 

observed and estimated irrigation application followed the same trend (Figures 5 and 6).  

A slightly underestimate of ΣNA in July was also observed in 2003 for drip 

system (Figure 7), while a perfect match between predicted and observed data for the 

same month, was noticed in 2003 for furrow irrigation (Figure 8), and in 2004 for the 

drip system (Figure 9). Conversely, considering the furrow irrigation a little 

overestimation was shown in 2004 (Figure 10). For all three seasons, the model tended 

to overestimate values during the first part of the irrigation season (from April to June), 

and to the under predict the ΣNA during the second part (from July to October), 

considering both irrigation techniques. This could be due to a later leaf out, thus less 

irrigation needs, than the value set as input of the model (March 1
st
). 
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Figure 5. Observed and predicted ΣNA (mm) of peach during the irrigation season by drip 

system in 2002. 

 

 

Figure 6. Observed and predicted ΣNA (mm) of peach during the irrigation season by 

furrow irrigation in 2002. 
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Figure 7. Observed and predicted ΣNA (mm) of peach during the irrigation season by drip 

system in 2003. 

 

 
Figure 8. Observed and predicted ΣNA (mm) of peach during the irrigation season by 

furrow irrigation in 2003. 
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Figure 9. Observed and predicted ΣNA (mm) of peach during the irrigation season by drip 

system in 2004. 

 

 
Figure 10. Observed and predicted ΣNA (mm) of peach during the irrigation season by 

furrow irrigation in 2004. 
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In 2002 higher RMSE values were also noticed (38.07 and 34.31 mm month
-1

), 

compared with the other seasons (from 15.52 to 20.41 mm month
-1

).  

 
Table 4. Summary of predicted and observed ΣNA data by month of peach using drip irrigation in site 1. 

    
DRIP  ΣNA (2002) ΣNA (2003) ΣNA (2004) 

    

STATISTICAL 
INDEX 

Simulated 
(mm) 

Observed 
(mm) 

Simulated 
(mm) 

Observed 
(mm) 

Simulated 
(mm) 

Observed 
(mm) 

ΣNA 990 1029 959 935 1007 992 
Min 11 46 37 28 11 46 
Max 209 261 206 222 210 212 
Samples 7 7 7 
r 0.86** 0.96*** 0.95*** 
RMSE 38.07 17 20.41 
GSD (%) 26 13 14 
MAE 36.14 15.43 15.29 
MBE -5.57 3.43 2.14 
MRE 0.34 0.22 0.22 

*p≤0.02; **p≤0.01; ***p≤0.001; ns=not significant. 

 

Table 5. Summary of predicted and observed ΣNA data by month of peach using furrow irrigation in site 

1. 

    
FURROW  ΣNA (2002) ΣNA (2003) ΣNA (2004) 

    

STATISTICAL 
INDEX 

Simulated 
(mm) 

Observed 
(mm) 

Simulated 
(mm) 

Observed 
(mm) 

Simulated 
(mm) 

Observed 
(mm) 

ΣNA 1000 1029 954 935 1013 992 
Min 23 46 49 28 23 46 
Max 209 261 220 222 231 212 
Samples 7 7 7 
r 0.88** 0.97*** 0.97*** 
RMSE 34.31 15.52 16.82 
GSD (%) 23 11 12 
MAE 32.14 13.86 14.86 
MBE -4.14 2.71 3.43 
MRE 0.29 0.19 0.18  

*p≤0.02; **p≤0.01; ***p≤0.001; ns=not significant. 

 

In site 2, the model estimated the CETc for citrus equal to 936, and 972 mm, 

while the observed values were 975, and 945 mm, in 2003 and 2004, respectively. As 

shown in Figure 11, the model under predicted values especially during October and 

November in 2003, and during March in 2004 (Figure 12). A slightly overestimate was 

noticed during May for both seasons, and during July and September in 2004. In 
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general, observed and predicted values followed the same trend, with a particularly 

good fit during the extreme picks.  

 

 

Figure 11. Daily estimated and observed ETc (mm) data of citrus in site 2 (2003). 

 

 

 

Figure 12. Daily estimated and observed ETc (mm) data of citrus in site 2 (2004). 
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) confirmed the 

good predictive capability of the model.  
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Table 6. Summary of predicted and observed daily ETc data of citrus in site 2, 

during the irrigation season. 

STATISTICAL 
INDEX 

  

ETc (2003) ETc (2004) 

Simulated 
(mm) 

Observed 
(mm) 

Simulated 
(mm) 

Observed 
(mm) 

CETc 936 975 972 945 
Min 1.4 1.7 0.4 0.2 
Max 7.7 7.4 7.2 7.2 
Samples 184 184 
r 0.92*** 0.92*** 
RMSE 0.60 0.59 
GSD (%) 11 12 
MAE 0.46 0.47 
MBE -0.21 0.15 
MRE 0.09 0.20 

p≤0.02; **p≤0.01; ***p≤0.001; ns=not significant. 

 

With respect to ETaw on citrus orchard, the model estimated it was 1117 and 

1155 mm compared with 1153 and 903 mm of the observed data, in 2003 and 2004, 

respectively. Figures 13 and 14 show that the difference between predicted and 

observed series is particularly marked in March, probably because the model estimate 

considers the ΣNA all over the month, while the irrigation management of the 

experimental study considered the irrigation season starting from March 27
th

 in 2003, 

and march 19
th

 in 2004. Other irregular values were recorded in June and July in 2003, 

and during April and June in 2004. This could be due because decisions on irrigation 

timing and duration were made by the ranch management, and an over irrigation in June 

was maybe counterbalanced with a less irrigation depth in July. 
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Figure 13. Observed and predicted ΣNA (mm) of citrus during the irrigation season in site 2 

(2003). 

 

 
Figure 14. Observed and predicted ΣNA (mm) of citrus during the irrigation season in site 2 

(2004). 
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2003, the model estimated 39 irrigation events, an equal amount to that actually applied. 

In 2004, the model estimated 38 irrigation events, compared to 36 actual applications. 

 
Table 7. Annual estimated and observed number of irrigations (NI) in citrus orchard, 

site 2. (bolt fonts depict the irrigation season reported in the experimental study). 

 2003 2004 
 estimated NI observed NI estimated NI observed NI 

January 1 0 0 0 

February 1 0 0 0 

March 3 2 2 2 

April 3 3 5 4 

May 5 5 5 6 

June 7 5 7 5 

July 6 7 6 6 

August 6 6 6 6 

September 5 5 5 5 

October 3 5 2 2 

November 1 1 2 0 

December 0 0 0 0 

 

The summary of the statistical analysis reported in Table 8, shows the r values 

significant for p ≤ 0.01 for both years. The MBE denoted the tendency of the model to 

underestimate the ΣNA in 2003, and to overestimate it in 2004. The index of agreement 

between simulated and measured data, showed rather satisfactory values.  

 
Table 8. Summary of predicted and observed ΣNA data by month of citrus 

using in site 2. 

STATISTICAL 
INDEX 

ΣNA (2003) ΣNA (2004) 

  

Simulated 
(mm) 

Observed 
(mm) 

Simulated 
(mm) 

Observed 
(mm) 

ΣNA 1117 1153 1155 903 
Min 29 31 61 31 
Max 200 218 213 187 
Samples 9 8 
r 0.83** 0.87** 
RMSE 34.09 43.58 
GSD (%) 27 38 
MAE 26.62 34 
MBE -3.96 31.5 
MRE 0.33 0.53 

p≤0.02; **p≤0.01; ***p≤0.001; ns=not significant. 

 

In site 3, the model estimated the CETa for wheat equal to 475 mm, while the 

observed value was 465 mm. As shows in Figure 15, the mismatch between observed 
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and simulated values is marked during the end of the growing season. In fact, a 

difference of about 20 mm of ETa in May was computed. Taking into consideration the 

simulated daily soil water balance data, wheat was affected by weak water stress since 

May 9
th

, and it increased to a value of 0.42 at the end of the season. Around May 14
th

, 

the stress factor reached a significant value (0.76) that triggered the drop of ETa values. 

A slightly overestimation was also noticed during the beginning of the growing season, 

probably due to the fog interaction, typical of that period of the year (Snyder, personal 

communication). Overall, the model simulation followed faithfully the observed trend. 

The statistical analysis showed that the r coefficient, with a value of 0.93, was 

significant for p ≤0.001. 

The RMSE index gave a relatively low value (0.70), which demonstrated the good 

predictive differences between expected and measured data.  

The tendency of the model to overestimate the measured values was indicated by 

the positive sign of the MBE (0.05 mm day
-1

). In fact, the monthly ETa values simulated 

during the beginning of the growing season were greater than the deficit recorded at the 

end of the season (Figure 16) As further demonstrated by the MRE (0.51) value, the 

model confirmed a good performance in the ETa estimate. 

 

  
Figure 15 Daily estimated and observed ETa (mm) data of wheat in site 3. 
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Figure 16. Monthly estimated and observed ETa (mm) data of wheat in site 3. 
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-1
. Therefore, the computation of the ratio 

of actual to potential yield is a useful tool for a roughly computation of the irrigation 

water use efficiency (IWUE), that helps farmers to estimate the balance between yield 

loss and installation and maintenance costs of the irrigation system. 

 

4.2. Assessment of the accuracy of the weather generator  

The mean daily data simulated over the period of record for Shafter weather 

station are shown in Figures 17-22. Simulated and measured data showed a uniform 

trend. The variables that have a seasonal trend, such as solar radiation and 

maximum/minimum temperature, showed an almost perfect match between observed 

and simulated series (Figure 17-19). Wind speed (Figure 21) and precipitation (Figure 

22) simulations indeed, showed the same trend of the observed series, but with a more 

marked variability. In general, the weather generator showed a good performance that 

follows the range of the input data, and without extreme pick values out of the ordinary.  
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Figure 17. Comparison of measured and simulated mean daily solar radiation at Shafter. 

 

 

 
Figure 18. Comparison of measured and simulated mean daily maximum temperature at Shafter. 
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Figure 19. Comparison of measured and simulated mean daily minimum temperature at Shafter. 

 

 

 
Figure 20. Comparison of measured and simulated mean daily dew point temperature at 

Shafter. 
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Figure 21. Comparison of measured and simulated mean daily wind speed at Shafter. 

 

 
Figure 22. Comparison of measured and simulated mean daily precipitation at Shafter. 
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much water is needed to match the seasonal evapotranspiration to produce the crop. 

Moreover, the possibility to choose the percentage of the full irrigation requirement for 

the crop, allows one to simulate different adaptation strategies aimed to the increase of 

the irrigation water use efficiency. The good performance of the weather generator 

confirmed it is a useful tool for filling the weather data gaps. Moreover, it is an option 

to assess the irrigation demand by simulating weather data in relation with the future 

CO2 concentration. Good results from the ETc and ETa estimates suggest a good Kc 

computation for both the in and off-season. Results of the ETaw simulation indicate that 

the SIMETAW# model could be used efficiently to evaluate different irrigation 

strategies, which support irrigation planning and maximize the water productivity.  
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CHAPTER 4: ASSESSMENT OF CLIMATE CHANGE IMPACT ON 

CROP WATER REQUIREMENT IN SARDINIA USING THE 

SIMETAW# MODEL 

 

ABSTRACT 

In the Mediterranean countries, water is essential for agriculture, and water 

management problems are becoming increasingly serious. Efficient water resource 

management can help to match available resources and agricultural needs, thereby 

reducing the risks for crops during periods of drought. Knowing the agricultural water 

demand is an important factor for developing infrastructure and for managing water 

delivery to the farm. In order to estimate the volume of storage water required to satisfy 

the agricultural sector in future, the simulation of the crop water requirement (CWR) is 

indispensable. The objective of this work was to assess the impact of climate changes 

on future irrigation requirement (IR) under the A1B emission scenario for the period 

2035-2065 (reported year 2050) for some economically important crops in Sardinia. For 

each homogeneous reference evapotranspiration (ETo) zone, the SIMETAW# model 

was used to estimate the current and future irrigation requirement considering the 

combinations of planted area, crop management, irrigation system, and soil available 

water holding capacity data. Climate change was projected to have a negative impact on 

IR for each crop and area. The increase in ETo (14%) was more severe with no change 

in the current CO2 concentration than the increase in ETo (9%) for the projected CO2 

level. For summer crops (silage and grain maize), an increase in IR of 5% was 

projected, while for artichokes and tree crops (citrus, olives, and grapevines) the 

increase in IR was estimated between 6 and 14% under projected future CO2 levels. The 

application of some adaptation strategies, however, can reduce the irrigation water 

demand and lead to a more sustainable agricultural water use.  

 

1. INTRODUCTION  

The increase of the carbon dioxide (CO2) concentration of the atmosphere 

contributes to global warming and leads to changes in climate conditions. As well as the 

increase of temperature and decrease of precipitation in most of the Mediterranean 

territory (IPCC, 2007), climate change projections also indicate an increasing likelihood 

of drought (Kerr, 2005) and variability of precipitation in time, space, and intensity that 
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would directly influence water resource availability (Correia, 1999). Water availability 

and CO2 concentration are two of the main factors that affect plant physiology. 

Increasing evapotranspiration (ET) rates are expected with higher temperature, but CO2 

concentration tends to close stomata and decrease ET rates (Rosenberg et al., 1990; 

Kimball, 2004). Increasing CO2 concentration leads to the partial closure of stomata, 

reducing conductance, and lowering transpiration rates (Olesen and Bindi, 2002). This 

response to CO2 was confirmed by several studies (Curtis, 1996; Lee et al., 2001; 

Medlyn et al., 2001; Zheng and Peng, 2001; Ainsworth et al., 2002; Long et al., 2004; 

Ainsworth and Long, 2005; Bernacchi et al., 2007). Increased water-use efficiency 

results from the decreased stomatal conductance, which reduces water transfer to the 

atmosphere and consequently ET rates (Sellers et al., 1996; Gedney et al., 2006; Kruijt 

et al., 2008). On the other hand, as pointed out by Kimball et al. (1993) and Bernacchi 

et al. (2007), lower stomatal conductance rates reduce the transpiration per unit leaf 

area, but higher CO2 concentration encourages leaf growth and greater leaf area 

increases ET. Consequently, the reduce conductance and higher leaf area counteract 

their respective effects on ET. 

Because the ET is controlled primarly by climatic variables (temperature, net 

radiation, wind speed, and humidity), changes in climatic regimes could effect local 

hydrological processes (Allen et al., 1991). The increase of global temperature is 

projected to vaporize more water into the atmosphere from the oceans and other large 

water bodies. Therefore, the global humidity is likely to increase. The increasing 

humidity and higher CO2 concentrations both tend to reduce the transpiration rates and 

counteract the higher temperature effects on evapotranspiration (Snyder et al., 2010). 

Moreover, some authors have recently pointed out that in some areas of the earth 

the temperature increase is asymmetric, especially in those areas where an increment of 

cloudiness is observed (Folland et al., 1999; Roderick and Farquhar, 2002). In these 

areas, the increase of the mean air temperature is simply the result of the temperature 

increase during night hours when evaporation is less. Therefore, increases in minimum 

temperature are less likely to increase evapotranspiration, which, in fact, is tending to 

remain constant or even decrease (Peterson et al., 1995; Viglizzo et al., 1995; Moonen 

et al., 2002; Todisco and Vergni, 2008). Consequently, many factors need consideration 

when assessing changes in ET.  
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The combination of long-term changes (e.g., warmer average temperatures) and 

greater extremes events (e.g., droughts) can have decisive impacts on water demand, 

with further implications on the ecosystems (Iglesias et al., 2007). Under all climate 

change scenarios in the Mediterranean region, available water resources are projected to 

decrease while the irrigation water demand increases (El-Shaer et al., 1997; Döll, 2002; 

Iglesias, 2002; Fisher et al., 2007).  

Water management problems in the Mediterranean basin are becoming 

increasingly serious (Baric and Gasparovic, 1992; Lindh, 1992; Arnell, 1999; IPCC, 

2007). In order to estimate the depth of storage water required to satisfy the agricultural 

sector in future, estimation of the crop water requirement (CWR), and thus the irrigation 

requirement (IR) is indispensable. Therefore, the objective of this work is to (1) 

estimate the climate change impact on IR using the SIMETAW# model, and (2) suggest 

some possible adaptation strategies to reduce water consumption by agriculture. 

 

2. MATERIALS AND METHODS 

2.1. Preliminary activity 

The research was conducted on the island of Sardinia, Italy (from 38°N to 41°N, 

and from 8°E to 10°E). As described in the second chapter, four ETo classes for the 

summer period were recognized in Sardinia, where the ranges 4.5-5 and 6-6.3 mm day
-1

 

ETo classes represent the lowest and highest ranges, respectively (Figure 1). Each zone 

was identified by a number from one to seven. 

Using summer (June-August) data for 2000-2004 from the ARPAS, 

meteorological network (the specialist regional hydro-weather-climate department), the 

mean daily ETo (mm day
-1

) was calculated. Then, the root mean square error (RMSE) 

was computed between daily ETo of each station and the daily ETo averaged over all 

stations within the zone. The weather station that presented the lowest RMSE value for 

each zone was chosen to represent the climate of the zone. The weather station chosen 

for each zone is reported in Table 1. 
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Figure 1. Sardinian ETo map (mm day

-1
). Each number identifies the 

relative zone. 

 

Table 1. Representative weather station for each ETo zone. 

ETo Zone STATION 
LONGITUDE 

E 
LATITUDE 

N 

ELEVATION  
(m a.s.l.) 

1 San Teodoro 08°38'44" 40°47'36" 13 

2 Sassari 08°32'19" 40°44'25" 150 

3 Villagrande Strisaili 09°27'28" 39°57'39" 813 

4 Siurgus Donigala 09°11'21" 39°36'35" 420 

5 Guasila 09°02'14" 39°31'54" 242 

6 Decimomannu 08°59'09" 39°19'21" 20 

7 Sardara 08°51'26" 39°36'02" 197 

 



 
Noemi Mancosu - Agricultural water demand assessment using the SIMETAW# model. 

Tesi di Dottorato in Agrometeorologia ed Ecofisiologia dei Sistemi Agrari e Forestali - XXV ciclo – Università degli Studi di Sassari 

 

 173 

2.2. Scheme of methodology 

The methodology, in the SIMETAW# model, proposed for estimating the 

climate change impact on crop irrigation requirement in this study includes the 

following steps (Figure 2): 

 collection of planted area, soil characteristics, and crop management data in 

Sardinia; 

 assessment of the irrigation requirement in relation with the current climate 

conditions (observed data); 

 assessment of the climate change impact on irrigation requirement under climate 

data delivered by dynamic downscaling of the global climate model (GCM) 

CMCC-MED through the regional climate model (RCM) COSMO-CLM under 

the A1B future emission scenario (baseline and future period); 

 application of adaptation strategies in the zone that shows the most critical 

climate projection. 

 
Figure 2. Scheme of methodology. 
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2.3. Data collection 

The input data required to run the SIMETAW# model include the following: 

 soil available water holding capacity (A); 

 planted area for each crop; 

 crop management information. 

The soil available water holding capacity data were provided by the specialist 

regional hydro-weather-climate department of Sardinia. The soil available water 

holding capacity data (m/m) were divided into three classes (Figure 3) to match 

categories set into the SIMETAW# model.  

 

 
Figure 3. Soil available water holding capacity (A) in Sardinia.  
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Data related to the cultivated area for each municipality or small homogeneous 

area during 2010, and irrigation system by crop combinations were provided by the 

consorzia that manage irrigation in Sardinia (Consorzi di Bonifica della Sardinia), with 

the exception for some areas in zone 2. For these municipalities the cultivated area data 

were provided by the directorate general for agriculture of the Regione Autonoma della 

Sardegna (Servizio sviluppo, monitoraggio e valutazione - Direzione generale 

dell'agricoltura e riforma agro-pastorale) from the regional database on products subject 

to government funding in agriculture, 

Crop management data for artichokes, silage and grain maize, olive, grapevines 

and citrus for each zone were provided by Laore, the agency for technical assistance in 

agriculture.  

In order to match the planted areas, crop management, and soil data in each ETo 

zone, the ArcGIS 9.3 software (ESRI, 2008) was used. When a municipality presented 

more than one class of soil available water holding capacity, the highest class was 

selected.  

In some municipalities within zones 4 and 7, it was difficult to distinguish 

between grain and silage maize, so these areas were separated into 50% silage and 50% 

grain.  

In some areas of Sardinia, artichokes are cultivated as early season (fresh 

markets) and, in other regions, they are managed as late season (processed product). In 

some municipalities, the artichoke cultivation was not distinguished, so zones were 

divided equally into 50% early and 50% late season.  

Zones, 3, 5 and 6 had good records on combinations of crops and irrigation 

systems. Zones 1, 2, 4, and 7 had limited data irrigation system and crop combinations. 

In these zones, based on known communication with local inhabitants, the most 

common irrigation system and crop combinations were (1) sprinkler for maize and 

artichokes, (2) micro-sprinkler for citrus, and (3) drip systems for olive orchards and 

grapevines.  

The three classes for soil available water holding capacity were: low (L), 

medium (M) and heavy (H). The used irrigation systems were: sprinkler (SP), drip 

(DR), and micro-sprinkler (MS). Moreover, to distinguish the two crop management of 

artichokes, ―E‖ was used to indicate early season and ―L‖ for late season. 
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Crop management data included the start date (planting for field crops or leaf out 

for deciduous orchards), end date (when transpiration ceases), maximum rooting depth, 

beginning and end date for grass or weed ground cover in orchards and vineyards. The 

typical crop management used in Sardinia is listed in Table 2, although each ETo zone 

showed some differences. Type 4 crops have ET all year, so there are no start and end 

dates for those crops in the table.  

Typical distribution uniformity (DU) values for irrigation systems were found in 

the paper Agricultural Water Use in California (The Center for Irrigation Technology, 

2011). The typical DU average values for the major irrigation system types are: 75% for 

sprinkler, 80% for micro-sprinkler, and 85% for drip irrigation. Tables 3-9 list the 

summary of crop information for each ETo zone. 

In SIMETAW#, the percentage of the irrigation requirement (PIR) is used to 

identify the water allocation as a percentage of the full irrigation requirement. In this 

study, the PIR was set as 100%. 

 

Table 2. Typical crop management in Sardinia. 

ANNUAL CROPS 

Crop 
Planting 

(day/month) 
End 

(day/month) 
Initial Growth 

Wetting Frequency 
E-ARTICHOKES 20/06 30/03 every 4 days 
L-ARTICHOKES 15/08 31/05 every 4 days 
MAIZE (grain) 07/05 24/09 every 7 days 
MAIZE (silage) 01/06 15/09 every 3 days 

TREE CROPS 

Crop 
Leaf Out 

(day/month) 
End 

(day/month) 

Cover Crop 
Beginning 

(day/month) 

Cover Crop 
End 

(day/month) 
CITRUS   01/10 31/05 
OLIVES   15/02 31/05 
GRAPEVINES 05/03 20/09   

 

 

Table 3. Summary of crop information in zone 1. 

ZONE 1 

CROP HECTARES IRRIGATION SYSTEM 
CITRUS 2 100% MS 

MAIZE (silage) 29 100% SP 
OLIVES 53 100% DR 

GRAPEVINES 74 100% DR 
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Table 4. Summary of crop information in zone 2. 

ZONE 2 

CROP HECTARES IRRIGATION SYSTEM 

CITRUS 23 100% MS 
ARTICHOKES 720 22% SP-78% DR 
MAIZE (grain) 343 100% SP 
MAIZE (silage) 1150 100% SP 

OLIVES 1125 11% MS-89% DR 
GRAPEVINES 1393 12% SP-88% DR 

 

Table 5. Summary crop information in zone 3. 

ZONE 3 

CROP HECTARES IRRIGATION SYSTEM 

CITRUS 196 50% MS-50% DR 

ARTICHOKES 2 100% SP 

MAIZE (grain) 56 100% SP 

MAIZE (silage) 5 100% SP 

OLIVES 219 100% DR 

GRAPEVINES 15 100% DR 

 

Table 6. Summary crop information in zone 4. 

ZONE 4 

CROP HECTARES IRRIGATION SYSTEM 

CITRUS 1036 100% MS 

ARTICHOKES 1672 8% MS-92% SP 

MAIZE (grain) 201 100% SP 

MAIZE (silage) 196 100% SP 

OLIVES 170 100% DR 

GRAPEVINES 138 100% DR 

 

Table 7. Summary of crop information in zone 5. 

ZONE 5 

CROP HECTARES IRRIGATION SYSTEM 

CITRUS 587 15% DR-85% MS 

ARTICHOKES 476 1% DR-27% MS-72% SP 

MAIZE (grain) 14 100% SP 

MAIZE (silage) 90 100% SP 

OLIVES 84 14% MS-86% DR 

GRAPEVINES 410 1% SP-99% DR 

 

Table 8. Summary of crop information in zone 6. 

ZONE 6 

CROP HECTARES IRRIGATION SYSTEM 

CITRUS 229 5% DR-95% MS 

ARTICHOKES 71 4% DR-31% SP-64% MS 

MAIZE (silage) 38 100% SP 

OLIVES 39 69% DR-31% MS 

GRAPEVINES 153 3% MS-97% DR 
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Table 9. Summary of crop information in zone 7. 

ZONE 7 

CROP HECTARES IRRIGATION SYSTEM 

CITRUS 565 2% DR-98% MS 

ARTICHOKES 2063 81% SP-19% MS 

MAIZE (silage) 4345 100% SP 

OLIVES 225 24% MS-76% DR 

GRAPEVINES 199 100% DR 

 

 

2.4. Impact of climate change on the irrigation water requirement 

To compute the IR for the current period, the SIMETAW# model was run in 

each ETo zone using the observed data (2000-2004) of the representative weather station 

for each zone. The evapotranspiration of applied water (ETaw), which is equal to the 

sum of the net applications (ΣNA), and the sum of the gross applications (ΣGA) was 

computed for all soil, crop management, and irrigation system combinations as reported 

in the previous section. 

Climate data delivered by dynamic downscaling of the GCM CMCC-MED 

through the RCM COSMO-CLM (8 Km) under the A1B future emission scenario, 

provided by the CMCC (Centro Euro-Mediterraneo sui Cambiamenti Climatici) were 

used to evaluate the climate change impact on IR.  

The climate model CMCC-Med is a coupled model atmosphere-ocean-sea-ice 

based on the climate model CMCC-CM (Scoccimarro et al., 2011) but with a focus on 

the Mediterranean region. In the CMCC-Med model the global atmospheric component 

is ECHAM5 (Roeckner et al., 2003) implemented at high-resolution (T159) 

corresponding to a horizontal grid spacing of about 80 Km (0.75° × 0.75°) with 31 

vertical levels. 

The ocean component is the global ocean and sea ice model OPA 8.2 (Madec et 

al., 1998), in its ORCA2 global configuration. The horizontal resolution is 2° × 2° (~ 

200 km) with a meridional refinement near the equator, approaching a minimum 0.5° 

grid spacing. The model has 31 vertical levels, 10 of which lie within the upper 100 m. 

ORCA2 also includes the Louvain-La-Neuve (LIM) model for the dynamics and 

thermodynamics of sea ice (Timmermann et al., 2005). The other component is the 

Mediterranean see model NEMO-MFS (Nucleus for European Modelling of the Ocean) 

(Oddo et al., 2009) with a resolution of ~7 km. 



 
Noemi Mancosu - Agricultural water demand assessment using the SIMETAW# model. 

Tesi di Dottorato in Agrometeorologia ed Ecofisiologia dei Sistemi Agrari e Forestali - XXV ciclo – Università degli Studi di Sassari 

 

 179 

The OASIS3 (Ocean Atmosphere Sea Ice Soil) developed by Valcke (2006) is 

the coupler among the three models. The coupling is carried out every two hours 

between atmosphere and ocean, and every eight hours between global ocean and 

Mediterranean sea models. Heat, mass, and momentum fluxes are computed and 

provided to the ocean model by the atmospheric model; sea surface temperature and sea 

surface velocities are provided to the atmospheric model by both ocean models.  

The CLM (Rockel et al., 2008) is the climate version of the COSMO model 

(Steppeler et al., 2003), the operational non-hydrostatic mesoscale weather forecast 

model developed at the German Weather Service. It can be used with a spatial 

resolution between 1 and 50 km. The horizontal resolution adopted in the simulation 

was about 8 km, in order to have a better detail compared with the spatial resolution of 

14 km previously developed (Bucchignani et al., 2011). 

The A1B scenario belongs to the A1 scenario family of the SRES storylines 

(IPCC, 2007). The A1 family describes a future world of very rapid economic growth, a 

global population that peaks in mid-century, declines thereafter, and the introduction of 

new and efficient technologies. A1 develops into three groups that describe alternative 

development of energy supply: fossil intensive (A1FI), non-fossil energy sources 

(A1T), or a balance between all sources (A1B).  

Projected daily climate data for the representative seven ARPAS climate stations 

were extracted from the Sardinia climate for the period 1971 to 2100. The period from 

1971 to 2000 was considered the baseline. The period from 2035 to 2065, centered on 

2050, which was the reporting year, was considered the future period. The 30 year mean 

daily data over the baseline and future period were computed. The CO2 concentration 

during the future period was estimated at 519 ppm. The FAO (Standardized) Penman 

Monteith equation (Allen et al., 1998, 2005) was used to compute ETo. 

A SIMETAW# model run using data from 1971 to 2000 gave the baseline 

scenario for all soil and crop management combinations. Similarly, the ΣNA and ΣGA 

for the future period were estimated using both ‗current‘ and ‗future‘ CO2 

concentrations and the impact of climate change on IR was computed. 

After identifying the zone that showed the highest increase in annual ETo and 

maximum reduction in precipitation under ‗future‘ conditions, some adaptation 

strategies were applied. For maize grain, a shift in planting and harvesting date was 
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considered. The dates were shifted one month earlier, D-30 days, and one month later, 

D+30 days, where D represents current typical dates for the zone. For tree crops, the 

applied water was reduced by 20% by setting PIR= 80%. For citrus, the irrigation 

system was changed from micro-sprinkler to drip irrigation.  

 

3. RESULTS AND DISCUSSION 

3.1. The current irrigation water demand 

The summary results for the in-season ETaw and GA (mm) for the current 

period, using observed data, are listed in Tables 10-14 for each ETo zone. The ETaw is 

equivalent to the sum of the net applications during the irrigation season, and the net 

applications are determined by calculating a daily water balance and irrigating when the 

soil water depletion exceeds a management allowable depletion (MAD). The GA is the 

sum of the gross applications, which is estimated as the ETaw divided by the mean 

irrigation application efficiency for the selected irrigation system. The mean application 

efficiency is estimated from the system‘s distribution uniformity and runoff if it occurs.

 Zone 7 always had the maximum ETaw values for tree and vine crops (Tables 10-

12), and it had an average of precipitation of about 529 mm year
-1

with 29 mm during 

summer months. For the tree and vine crops (Tables 10-12), the lowest ETaw values 

were observed in zone 3. This zone also had the highest precipitation (880 mm year
-1

).  

Precipitation and especially rainfall distribution (Figure 4) are extremely 

important for the IR computation. In fact, zones 3 and 6 belong to 4.5-5 mm day
-1

 ETo 

class, but zone 6 has about half as much precipitation, and the result is a higher ETaw for 

tree and vine crops in zone 6 (Tables 10-12). Zone 2 also showed an higher IR than 

zone 5, which has the same ETo class, but with the total precipitation amount in zone 2 

slightly higher than in zone 5 (Figure 4). The cumulative ETo in zone 2 (1,140 mm) was 

higher than in zone 5 (1,058 mm), but the higher precipitation in zone 2 did not 

compensate for the higher ETo, thus zone 2 had a higher IR than zone 5. The same 

results were obtained in zone 1, where the ETaw values were higher than in zone 4. Zone 

1 had slightly less precipitation than zone 4, but the cumulative ETo was about 120 mm 

higher in zone 1 than in zone 4. 
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Figure 4. Precipitation distribution in each zone for the current period. 

 

Tree crops are typically not irrigated during the entire growing season in 

Sardinia. Typically, the irrigation season is from April to October for citrus, from April 

to September for olives, and from June to August for grapevines (Laore, personal 

communication). Therefore, the ETaw was computed relative to both the irrigation and 

the growing season (Tables 10-12). 

For citrus, all the irrigation requirement was estimated to be during the irrigation 

season in zone 3 (Table 10). Similar results were observed for zones 4, 5, 6, and 7 with 

a percentage of ETaw during the irrigation season close to 100%. In zones 1 and 2 the 

percentage of ETaw during the irrigation season is lower, and this means that some 

irrigation events were needed outside of the irrigation season.  

For olives (Table 11) the percentage of ETaw during the irrigation season was 

between 87% (zone 1) and 99% (zone 5). The results again showed the necessity for a 

few irrigation events before or after the irrigation season, especially in zone 1 (13%). 

However, considering the percentage of ETaw during the irrigation season for citrus and 

olives, the irrigation management adopted in Sardinia matched fairly well with the 

irrigation water demand.  

Grapevines are commonly affected by water stress as shown in Table 12. Zone 2 

was the area most affected by water stress (65%), followed by zones 1 and 6 (71%). 

Zone 3, with a 75% value during the irrigation season, was the area less affected by 

water stress. Actually, in Sardinia both olives and grapevines are commonly grown 
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under water stress conditions to obtain better production quality (Laore, personal 

communication). The observations in Tables 11 and 12 were determined assuming no 

water stress, which partially explains why the results indicate the need for irrigation 

outside of the irrigation season. 

 

Table 10. Growing and irrigation season (April to October) mean ETaw, growing season ΣGA, and 

percentage of ETaw during the irrigation season compared with the growing season of citrus. 

 CITRUS 

Zone 
Growing season 

mean ETaw (mm) 

Growing season 
mean ΣGA (mm) 

Irrigation season 

mean ETaw (mm) 

Irrigation season 

ETaw % 

1 596 795 535 90 

2 541 676 482 89 

3 373 453 372 100 

4 515 643 492 96 

5 517 633 506 98 

6 449 550 437 97 

7 633 768 610 96 

 

Table 11. Growing and irrigation season (April to September) mean ETaw, growing season ΣGA, and 

percentage of ETaw during the irrigation season compared with the growing season of olives. 

 OLIVES 

Zone 
Growing season 

mean ETaw (mm) 
Growing season 
mean ΣGA (mm) 

Irrigation season 

mean ETaw (mm) 

Irrigation season 

ETaw % 

1 579 681 502 87 

2 539 644 476 88 

3 392 461 360 92 

4 496 583 462 93 

5 475 571 468 99 

6 438 530 430 98 

7 568 688 551 97 

 

Table 12. Growing and irrigation season (June to August) mean ETaw, growing season ΣGA, and 

percentage of ETaw during the irrigation season compared with the growing season of grapevines. 

 GRAPEVINES 

Zone 
Growing season 

mean ETaw (mm) 

Growing season 
mean ΣGA (mm) 

Irrigation season 

mean ETaw (mm) 

Irrigation season 

ETaw % 

1 491 578 349 71 

2 536 645 346 65 

3 389 458 290 75 

4 469 552 350 75 

5 475 584 344 72 

6 438 531 313 71 

7 551 648 395 72 
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Depending on management, the irrigation water demand for artichokes ranges 

between 127 and 333 mm (Tables 13), whereas the IR is 399-592 mm for maize (Table 

14). The late growing artichokes (L-Artichokes) required less IR than the earlier 

growing artichokes (E-Artichokes), where the irrigation events occur mostly during the 

initial growth. The IR of E-Artichokes and grain maize was proportional to the ETo 

class, while some differences were noticed for silage probably due to different crop 

management strategies. In fact, silage planted in April (e.g., zone 1) required less 

irrigation than that planted at the beginning of June (e.g., zone 4). The same results were 

observed between zone 2 and 5, where the sowing at the beginning of summertime 

required more frequent irrigation during initial growth (every 3 days). 

 
Table 13. Summary of the in-season ETaw and ΣGA (mm) of artichokes. 

 E-ARTICHOKES L-ARTICHOKES 

Zone 
Growing season 

mean ETaw (mm) 

Growing season 
mean ΣGA (mm) 

Growing season 
mean ETaw (mm) 

Growing season 
mean ΣGA (mm) 

2 301 370 146 183 

3 235 313   

4 282 369 189 252 

5 274 354 202 257 

6 243 314 127 159 

7 333 430 226 292 

 

Table 14. Summary of the in-season ETaw and ΣGA (mm) of maize. 

 MAIZE (GRAIN) MAIZE (SILAGE) 

Zone 
Growing season 

mean ETaw (mm) 

Growing season 
mean ΣGA (mm) 

Growing season 
mean ETaw (mm) 

Growing season 
mean ΣGA (mm) 

1   449 599 

2 498 664 498 664 
3 424 565 421 561 

4 533 711 475 633 

5 508 677 447 596 

6   399 531 

7 592 789 540 720 
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3.2. Impact of climate change on future irrigation water demand 

The modeling results showed an increase of ETo values and a decrease of 

precipitation for the ‗future‘ climate conditions in Sardinia (Table 15). With the 

exception of zone 1, where the decrease of precipitation was only of 1%, most locations 

had reductions between 10% and 19%. ETo was projected to increase under the ‗future‘ 

conditions using both ‗current‘ and higher CO2 concentrations. The increase in ETo rates 

was approximately double when the ‗current‘ CO2 concentration rather than projected 

‗future‘ concentration was employed to compute ETo. The results indicate that zone 4, 

with an ETo increase of 6%, under future CO2 concentration, and a 19% reduction in 

precipitation, was the most affected location by climate change.  

With regards to the rate of regional change in ETo (Figure 5), the highest 

increase was in January (9%) and May (7%), while April and September showed the 

lowest increase. Summertime showed a mean ETo increase of 5%, and the values were 

slightly higher during the last months of the year. The rate of change in mean annual 

regional ETo was estimated to increase by about 5%, under ‗future‘ CO2 concentration. 

 

Table 15. Changes (%) in cumulative ETo and precipitation from now to 2050, with 

current and future CO2 concentrations in each zone. 

Zone ETo -current CO2 (%) ETo -future CO2 (%) Precipitation (%) 

1 7 3 -1 

2 7 3 -18 

3 11 6 -18 

4 11 6 -19 

5 10 5 -18 

6 9 4 -10 

7 9 5 -19 
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Figure 5 Rate of change (%) in cumulative ETo, at regional level, under future CO2 concentration, 

compared with the baseline. 

 

Since the magnitude of the rate of change in ETo is closely related to different 

climate change scenarios, GCMs and RCMs, future periods, and equations used to 

compute ETo, making a close comparison with other studies is impossible. However 

considering the limited information value, several studies projected a general increase 

of ETo in Mediterranean basin. Rodríguez Díaz et al. (2007) estimated the increase of 

ETo, computed by the FAO Penman Monteith method, of about 8% under the A2 and 

B2 scenarios in 2050 in the Guadalquivir river basin (Southern Spain). In the same 

region, also Pérez Urrestarazu et al. (2010) showed an increase of ETo under the A2 and 

B2 scenarios (2050; 2080). ETo was computed by the FAO Penman Monteith method, 

and it was predicted about 14% higher than the baseline by the 2050s and 25% by the 

2080s. The increase of ETo was higher in winter for the A2 scenario, while in B2 the 

increments were more constant along the year. The summer period presented the 

maximum difference in ETo compared with the baseline for both scenarios. Another 

study conducted by Lhomme et al. (2009) in Tunisia demonstrated that the reference 

evapotranspiration, computed by the Penman-Monteith method under the A1B scenario, 

will increase from 14 to 25% and from 8 to 15% in the Northern and Central region 

(2071-2100), respectively. As pointed out by Kapur et al. (2007), ETo, estimated by the 

use of the Hargreaves–Samani equation (Hargreaves and Samani, 1985), is projected to 

increase up to 15% in Apulia (Southern Italy) under the A2 scenario conditions in the 

next 100 years.  

-5 

0 

5 

10 

15 

20 

25 

1 2 3 4 5 6 7 8 9 10 11 12 13 R
at

e
 o

f 
ch

an
ge

 o
f 

ET
o

 (
%

) 

Time (month) 

zone 1 zone 2 zone 3 zone 4 zone 5 zone 6 zone 7 



 
Noemi Mancosu - Agricultural water demand assessment using the SIMETAW# model. 

Tesi di Dottorato in Agrometeorologia ed Ecofisiologia dei Sistemi Agrari e Forestali - XXV ciclo – Università degli Studi di Sassari 

 

 186 

On the contrary, Lovelli et al. (2010) showed a reduction of ETo all over the 

year, with a greater decrease during the spring summer period in 2071 considering the 

A2 scenario in Southern Italy. Senatore et al. (2011), applying different RCMs and 

among these the RCM COSMO-CLM with the A1B scenario of the ECHAM5/MPI-OM 

GCM in Southern Italy, showed that in future (2070–2099) evapotranspiration is 

expected to increase during wintertime and decrease in summertime. 

With respect to the estimate of precipitation trends in future, several studies 

confirmed a general reduction in Mediterranean basin, considering different GCMs and 

RCMs. The main changes are expected in the annual distribution, with more rainfall 

during winter and less in summer. Moriondo et al. (2010) selected the time-slice 2030–

2060, simulated by the HADCM3 A2 scenario, to represent the period corresponding to 

a global average increase of +2°C with respect to the pre-industrial period in Europe. 

They showed that a clear decrease in rainfall is likely for the regions below 55° N, 

especially over the Mediterranean basin. Over these areas, the summer period is 

projected to exhibit a rainfall decrease up to 35% with respect to the baseline. Senatore 

et al. (2011) showed that the reduction in precipitation of 20% and 21% in Southern 

Italy was predicted considering the RegCM and CLM regional models, respectively. 

Both models showed the greatest reduction during the driest period of the year 

(summer) to varying degrees, with about 60% reduction in July and August. The 

average reduction during winter (January–March) by CLM was about 20%. Similarly in 

Southern Italy, precipitation is projected to decrease by almost 90% during summertime 

in 2071 under the A2 scenario (Lovelli et al., 2010).  

According with Ayala (2002) a reduction in precipitation up to 34% for the 

Guadalquivir basin was also projected. For the same region, Rodríguez Díaz et al. 

(2007), estimated a reduction of the average annual precipitation of 7 and 1% under the 

A2 and B2 scenarios in 2050. Decreasing rainfall trends in Turkey have already been 

observed during the 20
th 

century (Türkeş, 1996); precipitation was projected to decrease 

more in future in Çukurova plain (Yano et al., 2007). In fact, precipitation was 

estimated to decrease by about 163, 163, and 105 mm during the period of 1990 to 2100 

under the A2 scenario of the CGCM2, ECHAM4 and MRI models, respectively. While 

for the future period (2070 to 2079) projected mean annual precipitation would decrease 
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by 133, 56, and 306 mm, equivalent to 25, 12 and 46% decrease according to the 

CGCM2, ECHAM4 and RCM models, respectively. 

In a study conducted by Lhomme et al. (2009), under the A1B scenario, it was 

demonstrated that in Northern Tunisia in the period 2071-2100 precipitation tends to 

increase in summer from July to October (up to +12%), but decreases during the rest of 

the year (down to -44% in April), with an annual mean decrease of 20%. On the other 

hand, in Central Tunisia, the annual precipitation was projected up by 11% for the same 

timeframe: precipitation increases from September to February (with a maximum of 

+94% in October) and then decreases the rest of the year (down to −29% in April). 

The estimated future irrigation requirement showed a negative impact for the 

entire region for each crop taking into consideration the increase in CO2 concentration. 

Figures 6-12 list the summary ΣNA and ΣGA (ha m) for each crop computed for the 

‗current‘ and the ‗future‘ CO2 concentration. Moreover, it is shown the rate of change 

(%) of the future IR from the baseline, computed for both the ‗future‘ and ‗current‘ CO2 

concentrations. In all cases, climate change increased IR more for the ‗current‘ than 

‗future‘ CO2 concentration used with the ‗future‘ climate projection. This means that 

higher irrigation water demand will be expected in future if the CO2 concentration does 

not increase and reduce the effect of higher temperature. Data relatively to ΣNA and 

ΣGA computed under the ‗current‘ CO2 concentration are not shown, but the rate of 

change in IR gives an idea of the magnitude of the increase in irrigation water demand. 

Citrus 

The most marked difference in the rate of change of IR of citrus was observed in 

zone 3, with 10 and 21% (Figure 8), considering the two CO2 concentrations, while in 

the other locations it was less evident. However, the impact on IR was fairly significant 

if the ‗current‘ CO2 concentration was considered (12-21%), especially in zones 3, 4 

and 5. Taking into consideration the CO2 effect, zone 4 (Figure 9) showed the highest 

impact on irrigation water demand (14%). In addition, this zone has the biggest citrus 

cropland in Sardinia; the projected ‗future‘ ΣGA is about 1,111 ha m if the CO2 effect is 

taken into account, and 1,175 ha m based on the ‗current‘ CO2 concentration. Zone 5 

(Figure 10) shows a significant increase in IR (13%), although the projected ‗future‘ 

ΣGA (666 ha m) is lower than zone 4, and the land cultivated with citrus is nearly half 

of zone 4. On the contrary, zone 1 was the least affected area (6%), but also the least 
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cultivated zone. At regional level, citrus was projected to increase of about 10% 

considering the future CO2 condition, and 17% considering the current CO2 

concentration. 

Grapevines 

With respect to grapevines, zone 2 showed the greatest irrigation consumption 

(1,393 ha m), although the rate of increase of IR (3%) is relatively low (Figure 7). The 

highest impact was observed in zone 3 (11%), where irrigating grapevines is 

uncommmon (Figure 8). Conversely, in zones 5 and 7 the rate of change of IR was 8 

and 5%, respectively; and these zones showed ‗future‘ ΣGA increases of 368 and 171 ha 

m, respectively (Figures 10 and 12). The difference in rate of change of IR between the 

two CO2 concentrations was less evident in zone 1 and 2. The IR was projected to 

increase by 5% in zone 7 under the ‗future‘ CO2 concentration (Figure 12), and 16% 

under ‗current‘ CO2 level. Similar trends were observed in the other locations. 

However, the IR was projected to increase from 3 to 11% under ‗future‘ CO2 

concentration, and from 8 to 16% under ‗current‘ CO2 values. At the regional level, 

grapevines are projected to increase the irrigation water demand by 6% considering the 

‗future‘ CO2 concentration and 12% with the ‗current‘ CO2 condition. 

Olives 

The impact of climate change on olive orchards was fairly homogeneous all over 

the region with an increase in IR between 9 and 14% under ‗future‘ CO2 concentration, 

and 12 - 22% under ‗current‘ CO2 concentration. Zone 6 with a lower value was an 

exception (Figure 11). Zone 2, with an IR increase of 10%, is the main area for irrigated 

olives in Sardinia (Figure 7); it showed a future irrigation requirement of 1,044 ha m, an 

amount much greater than in the other areas. In zones 3 and 7 (Figures 8 and 12), 

growing olives in irrigated condition is typical and the future IR was projected to 

increase by 164 and 177 ha m, respectively. In these areas, the increase in IR without 

increasing the CO2 effect was equal to 22 and 18% for zones 3 and 7, respectively. On 

the other hand, computing the IR under ‗future‘ CO2 concentration led to an increase in 

IR equal to 14 and 12% for zones 3 and 7, respectively. The biggest increase in IR 

between the two CO2 concentrations was observed in zone 3 (Figure 8). On a regional 

level, olive orchards were projected to increase the irrigation water demand by about 
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11% considering using the ‗future‘ CO2 concentration, and 18% with the ‗current‘ CO2 

conditions. 

Artichokes 

The irrigation water demand for artichokes was projected to increase from 8 to 

19% under ‗future‘ CO2 concentrations, and from 13 to 27% under ‗current‘ CO2 

values, with the exception for zone 1 that did not grow artichokes, and zone 3 had a 

small percentage increase in IR. Zones 4 and 7 are the areas where artichokes are 

commonly planted and it is the area most affected by climate change. The ΣGA was 

predicted to increase by 788 and 1,049 ha m in zones 4 and 7, respectively (Figures 9 

and 12). If the current CO2 level is used, the ΣGA is predicted to increase by 832 and 

1,114 ha m in zone 4 and 7, respectively. Both zones have mainly late seasons 

artichokes and they showed the highest increases in IR considering both CO2 

concentrations. Zone 5 had the same increase in IR as zone 7, i.e., 19% for ‗future‘ and 

27% for ‗current‘ CO2 concentrations; however, the area planted to artichokes is lower 

in zones 5 than 7. The most marked difference in increase of IR for artichokes was 

observed in zone 3, with an increase in IR of 7 and 19% (Figure 8) for the ‗future‘ and 

‗current‘ CO2 concentrations, respectively. Zone 3, however, is also the zone with the 

fewest hectares planted to artichokes. On a regional level, artichokes were projected to 

increase the irrigation water demand by about 14% considering the ‗future‘ CO2 

concentration and 21% using the ‗current‘ CO2 condition. 

Maize 

The difference in the increase in IR between the two CO2 concentrations was 

less evident in maize (a C4 species) than in the C3 species. Silage in zone 6 showed the 

smallest increase in IR among all crops and zones (Figure 11). In fact, an increase of 

2% in irrigation water demand was projected when the ‗future‘ CO2 concentration was 

considered. The increase was about 6% when the ‗current‘ CO2 level was used. Between 

the two maize types, silage in zones 2 and 3 had higher increase in IR than grain maize 

(Figures 7 and 8). The opposite situation was observed in zones 4, 5, and 7 (Figures 9, 

10, and 12). This inverse situation is probably due to the difference in crop 

management. In fact, grain maize was sown about the beginning of May in all zones, 

while silage is typically planted in April in zones 2 and 3, and in June in the others 

zones. As shown in figure 5, ETo is projected to increase by 5 and 7% in zones 2 and 3, 
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respectively; however, the increase in ETo is even higher in the other zones (about 9%). 

Thus, silage grown in zones with an earlier planting date was more affected by climate 

change impact on the ETo in May than in zones with a later planting date. The irrigation 

water demand for silage was projected to increase from 2 to 9% under the ‗future‘ CO2 

concentration, and from 6 to 13% under ‗current‘ CO2 values.  

The irrigation water demand for grain maize was projected to increase from 4 to 

6% under ‗future‘ CO2 concentration and from 8 to 10% under ‗current‘ CO2 values. 

Silage in zone 3 (Figure 8) showed the highest increase in IR (9%). Zone 2 showed an 

increase in IR of about 7%, and the ΣGA was predicted to increase by 907 ha m using 

the ‗future‘ CO2 fertilization effect, while it was projected to increase by 936 ha m, with 

the ‗current‘ CO2 level (Figure 7). Zone 7, with the biggest silage cropped area, is 

projected to have a 5% increase in IR, but the ΣGA is projected to increase by 3,696 and 

3,818 ha m, for the ‗future‘ and ‘current‘ CO2 levels, respectively (Figure 12). Zones 3, 

4, and 7 showed also the highest increase in IR for grain maize (6%) under the ‗future‘ 

CO2 levels; the increase in IR was about 9% under the ‗current‘ CO2 level. On a 

regional level, both silage and grain maize were projected to increase the irrigation 

water demand by about 5% considering the ‗future‘ CO2 concentration, and 9% using 

the ‗current‘ CO2 condition.  

 

 
Figure 6. ΣNA and ΣGA (ha m) for the baseline and future period (considering the future CO2 

concentration), and rate of change (%) of the future irrigation requirement compared with the baseline, 

under the current and future CO2 concentrations (zone 1). 
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Figure 7. ΣNA and ΣGA (ha m) for the baseline and future period (considering the future CO2 

concentration), and rate of change (%) of the future irrigation requirement compared with the baseline, 

under the current and future CO2 concentrations (zone 2). 

 

 
Figure 8. ΣNA and ΣGA (ha m) for the baseline and future period (considering the future CO2 

concentration), and rate of change (%) of the future irrigation requirement compared with the baseline, 

under the current and future CO2 concentrations (zone 3). 
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Figure 9. ΣNA and ΣGA (ha m) for the baseline and future period (considering the future CO2 

concentration), and rate of change (%) of the future irrigation requirement compared with the baseline, 

under the current and future CO2 concentrations (zone 4). 

 

 
Figure 10. ΣNA and ΣGA (ha m) for the baseline and future period (considering the future CO2 

concentration), and rate of change (%) of the future irrigation requirement compared with the baseline, 

under the current and future CO2 concentrations (zone 5). 
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Figure 11. ΣNA and ΣGA (ha m) for the baseline and future period (considering the future CO2 

concentration), and rate of change (%) of the future irrigation requirement compared with the baseline, 

under the current and future CO2 concentrations (zone 6). 

 

 
Figure 12. ΣNA and ΣGA (ha m) for the baseline and future period (considering the future CO2 

concentration), and rate of change (%) of the future irrigation requirement compared with the baseline, 

under the current and future CO2 concentrations (zone 7). 
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expected under the ‗future‘ and ‗current‘ CO2 concentrations, respectively. Zone 4, 

one of the most important areas for agriculture in Sardinia, was most negatively 

affected by climate change with an IR increase of 14%. The next two important areas 

for agricultural production are zone 2 and 7, which showed the lowest increase in IR, 

with increases of 6 and 8%, respectively. The future IR for Sardinia is projected to 

increase up to about 119 Mm
3
 assuming no changes in future crop management. 

Moreover, without improvement in irrigation application efficiency, the gross 

application in 2050 was estimated to increase up to ~151 Mm
3
.  

A potential increase in irrigation water demand up to 6% was also projected for 

the Bekaa Valley (Lebanon) under a dry and hot scenario by the year 2020 (Bou-Zeid 

and El-Fadel, 2002). Rodríguez Díaz et al. (2007) also showed a typical increase 

between 15 and 20% in seasonal irrigation water demand by the 2050s in the 

Guadalquivir river basin. A simulation study conducted by Yano et al. (2007) in the 

Mediterranean Turkey showed that for the 2070-2079, the irrigation water demand for 

maize was expected to increase up to 15 and 22% relative to the baseline, based on the 

CGCM2 and RCM data, respectively. In Southern Italy, Kapur et al. (2007) estimated 

an increase in irrigation water demand of about 35% for maize, 48% for citrus, 49% 

for grapevines and 65% and olives, respectively, under the A2 scenario conditions 

within the next 100 years.  

As pointed out by Lovelli et al. (2010), a further increase in irrigation 

requirement was not expected for autumn-spring crops by the year 2071 in Southern 

Italy. On the contrary, irrigation needs were projected to increase for spring-summer 

crops. Based on this study, the impact of climate change on irrigation requirement in 

Sardinia is also related to summertime, as confirmed by the regional increase in IR for 

artichokes (14%) and maize (5%). Moreover, both olive orchards and grape vineyards 

are water stress tolerant crops that grow primarily in the summer, and therefore the IR 

for olive orchards and grape vineyards is likely to increase. Actually only 6% of olives 

orchard and 13% of vineyard are irrigated in Sardinia (Istat, 2010); however, in the 

future, these percentage could rise and deficit irrigation may be needed to stretch water 

supplies and satisfy irrigation needs. Crops cultivated under rain-fed condition (e.g., 

wheat) were not considered in this study, but may be in future, because of the likely 
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reduction in precipitation. Clearly, the application of adaptation strategies to improve 

water saving is needed. 

 

3.3. Assessment of adaptation strategies 

As shown in the previous section, climate change is likely to affect zone 4 the 

most, and it was therefore chosen to assess how the application of adaptation strategies 

could lead to a more sustainable agricultural water use. Some changes in crop 

management were applied to the projected future period to identify the difference in 

irrigation water demand resulting from a change in on-farm management. Citrus is 

commonly watered by micro-sprinkler irrigation systems having a mean application 

frequency of every four days. Reducing the water allocation by 20% results in a 

percentage of irrigation requirement equal to 80% of a fully irrigated crop. Changing to 

a drip system with irrigation every second day reduced the ΣGA by 24% in 2050 with a 

decrease of 11% in yield for the quarter of the field that receives the least amount of 

water (low quarter) and a mean overall reduction in yield of 3%. Olives and grapevines 

are already irrigated with drip irrigation systems that have the highest distribution 

uniformity and potential for the highest application efficiency. Reducing the applied 

water to 80% of full irrigation for olives and applying water every two days reduced the 

ΣNA from 874 to 699 mm. Moreover, changing the application frequency from every 

two to every three days, it was possible to reduce the ΣNA to 693 mm with a yield 

reduction of only 7% for the low quarter, and a mean yield reduction of 2%.  

In grapevines, reducing the applied water to 80% of full irrigation led to a 

reduction in yield of 5% for the low quarter of a crop. Grain maize, irrigated with 

sprinklers, showed a reduction in IR by 6%, considering an earlier planting date, while 

the reduction in IR was greater for a delayed growing season (16%), compared with the 

crop management currently applied. Other adaptation strategies are also possible 

including: changing pruning management, reducing or eliminating ground cover 

between tree and vine rows, modifying agricultural practices, and improving the 

irrigation systems. Clearly, there are activities that growers can practice to reduce water 

losses and improve water productivity. 
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4. CONCLUSIONS 

This study aimed to assess the impact of climate change on crop water 

requirement in 2050 on the Italian island of Sardinia. In general, irrigation requirements 

increased for the entire region and for all crops. The impact was more severe when 

‗current‘ rather than ‗future‘ CO2 concentrations were used to account for stomatal 

closure effects on computed ETo. On a regional level, an increase in irrigation water 

demand for the studied crops of about 9 and 15% is projected under ‗future‘ and 

‗current‘ CO2 concentrations, respectively. Among the crops, maize was the least 

affected by climate change with an increase in irrigation requirement of 5%. Artichokes 

were the most affected (14%), followed by olives (11%), citrus (10%), and grapevines 

(6%), under ‗future‘ CO2 levels. The most important agriculture region in Sardinia 

(zone 4) was most negatively affected by climate change with an increase in irrigation 

water demand of about 14% and a reduction in precipitation of 19%. The application of 

adaptation strategies provided a good way to use water efficiently and to improve the 

water productivity. For example, applying an irrigation deficit of 20% and using a more 

efficiency irrigation system for citrus could reduce the ΣGA by 24% in 2050 with a 

relative small decrease in yield. Moreover, the shift in planting date in grain maize 

reduced the irrigation requirement by 6% considering an earlier planting date, and 16% 

considering a delayed planting date, compared with the crop management currently 

applied.  

The methodology applied in this work assumed that crop planting area and other 

management will not changed in the future, ignoring changes and improvements in 

technology, genetic, and crop management that will inevitably occur. Some activities 

that could improve the efficient use of irrigation water are to install and maintain more 

efficient irrigation systems and to plant more drought tolerant cultivars or new crops. 

A comparison with other future emission scenarios can be useful for a better 

assessment of the magnitude of climate change impacts on irrigation water demand. 

Moreover, the on-line availability of updated information about crop management and 

planting distribution would make the research easier, accurate, and detailed. More 

efforts are needed to improve knowledge about the impacts of climate change in the 

Mediterranean basin for a future agricultural and economic growth in countries affected 

by water shortages. 
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 GENERAL CONCLUSIONS 

This research provided an overview about the water scarcity issue, focused on 

the agricultural water demand, future projection of irrigation needs, and ways to 

improve the water productivity. 

The methodology was divided into three steps:  

• the investigation on the reference evapotranspiration (ETo) distribution at the 

regional scale in Sardinia; 

• the assessment of a new soil water balance model, SIMETAW#, for planning 

agricultural water demand in agriculture; 

• the application of the SIMETAW# model to assess the impact of climate change on 

future irrigation water demand in Sardinia;  

• the application of some adaptation strategies in order to use water more efficiently. 

The regional ETo distribution map for Sardinia, based on weather station data, 

was performed by the use of different methodologies to address the missing data 

problem and uncertainty in interpolation models. The study of the ETo distribution at 

regional scale, with a distinction based on ETo classes, allowed the application of the 

SIMETAW# model to estimate the crop water requirements for large areas. 

The SIMETAW# model showed a good performance in estimating the potential 

and actual crop evapotranspiration, suggesting a good crop coefficients (Kc) 

computation. Moreover, the good performance of the weather generator was confirmed 

as a useful tool for filling the weather data gaps. These results confirmed that the 

SIMETAW# model could be used efficiently to evaluate different irrigation strategies, 

which support irrigation planning and maximize water productivity. 

The application of the SIMETAW# model to assess the impact of climate 

change on future irrigation requirements allowed for an investigation into the magnitude 

of the future irrigation demand in Sardinia, and the application of some adaptation 

strategies that lead to improvements in irrigation management and water savings.  

This study showed significant results that will be useful for future irrigation 

planning in agriculture, although more efforts are needed to improve knowledge about 

the impacts of climate change in the Mediterranean basin for future agricultural and 

economic growth in countries affected by water shortages. 

 


