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Abstract: In order to increase water productivity at the Collective Irrigation System (CIS) level it is
crucial to adapt the existing irrigation infrastructure, enhancing water intake at the source, as well
as its transport and delivery efficiency. Rehabilitation may involve structural changes and thus, a
large capital investment. This investment should be proportionate to the increase in climate resilience
associated to different rehabilitation alternatives. A methodology framework was developed to
evaluate CIS resilience to climate change considering different rehabilitation alternatives. The as-
sessed components were: (i) crop production systems; (ii) on-farm irrigation systems; and (iii) project
rehabilitation alternatives for the conveyance and distribution of the irrigation water from the source
to the farmer fields. This framework was applied to the Maiorga CIS, in central Portugal, to test
the methodology performance in assessing the impacts of climate change on the supply-demand
balance of the proposed rehabilitation alternatives and to evaluate their climate resilience, for the
representative concentration pathways, RCP4.5 and RCP8.5, and two time periods, 2041–2070 and
2071–2100. For each scenario, period, and rehabilitation alternative, irrigation requirements at the
source (demand) and stream flows (supply) were computed and the supply-demand balance was per-
formed. Projected increases in irrigation water demand varied between 5.5% for RCP4.5/2071–2100
and 35.7% for RCP8.5/2071–2100. For RCP4.5, 11% (2050) and 9% (2080) reductions in irrigation
water supply were projected, while for RCP8.5 the reduction ranges between 13% (2050) and 30%
(2080). The proposed framework determined that the rehabilitation alternatives considering just one
type of water source, without flow regularization and with open channel distribution to the farmer’s
field, have proved to be unviable due to low resilience to climate change.

Keywords: climate scenarios; irrigation requirements; supply-demand balance; water productivity;
project rehabilitation alternatives

1. Introduction

Nowadays, fresh water is the most important but vulnerable natural resource in the
Mediterranean region [1,2]. Its sources are under great pressure due to the rapid increase in
population, its intensive use by agriculture, industry and tourism, pollution and increased
water scarcity due to extreme climate variability [3,4]. The agriculture sector is the main
freshwater consumer in the Mediterranean region, e.g., as described in [5,6]. The water
demand by this sector will be exacerbated in the future, particularly in some areas where it
is projected that water needs for irrigation will increase by 35% due to increased crop water
demand [7–9]. Future projections of climate change are mainly a result of anthropogenic
emissions of GHG, e.g., the burning of fossil fuel [10]. Plausible scenarios for future
climatic conditions can be provided by general circulation models (GCMs). However,
its direct use in impact studies is limited by their coarse resolution, systemic errors and
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disability to capture inter-annual variability, namely in the case of precipitation [11–14].
Regional climate models (RCMs), through dynamic downscaling techniques, have reduced
many of these limitations with the exception of systemic errors, that requires a further
post-processing step to perform the bias correction [15–17].

Climate change affects crop water demand via crops physiology and phenology, effec-
tive precipitation, evapotranspiration and soil water balances [18,19]. These impacts will be
particularly relevant in irrigated agriculture, as the growth cycle of the main crops coincides
with the months with higher climatic demand and lower precipitation in which the effects
of climate change will be felt the most [19,20]. The rainfed crop production will also be
adversely affected, particularly due to the foreseen increase in precipitation variability,
resulting in a decrease in the crop production [21–23]. Irrigation may be an important
adaptation measure to cope with this decrease in rainfed crop production [20]. Climate
change doubly affects irrigated agriculture in the Mediterranean environments, because on
the one hand, crop evapotranspiration increases, and on the other hand, water reserves
decrease from both natural and artificial surface water bodies [19,20,24] unbalancing the
relation between water demand and availability or supply [25]. Regarding the latter, the
projected climate change impacts include decreases in runoff and streamflow—due to
progressive shifts in seasonal rainfall distribution and in intensity—and increase in the
frequency and severity of extreme climatic events (e.g., droughts and floods) [26–31]. The
results presented in [32] show that climate change will significantly change the stream flow
regime and reduce water availability in a Portuguese river basin, but the existing reservoir
infrastructure will alleviate some of these impacts, especially in the dry half-year. Accord-
ing to [29,32], in southern Portugal, the water supply-demand unbalance may lead to a
decrease in irrigated areas, changes in cropping patterns and/or a decrease in production
due to impacts of water deficit. In addition to these changes, it is expected that irrigation
water productivity (ration yield and irrigation water, kg m−3) will decrease, even if crop
productivity remains unchanged [27–30].

Over 80% of the agricultural production in the Mediterranean region comes from
irrigated areas, which is why it is essential to optimize water productivity [33,34] to
continue satisfying the future demand for food in a context of increasing water scarcity.
Measures to this end must be applied: (i) at demand level (e.g., improvements in the
efficiency of water use, water prices, and changes to more resilient crops) and; (ii) at the
supply level (e.g., rehabilitation of water conveyance and distribution infrastructures to
reduce water losses from the water source to the farm, and the improvement of on-farm
water application [9,21,32,35]).

Collective Irrigation Systems (CIS) will play an increasingly important role in sus-
taining water productivity and food security, especially in arid and semi-arid areas [36],
being one of the most important pillars of climate resilience. When the CIS do not have
hydraulic storage infrastructures, there is no regularization of the streamflow and inflows
are exploited by run-off-river. Therefore, the flow used is the instantaneous river flow
coming from upstream. In such cases, the CIS is very dependent on summer flows, which
is the main constraint, particularly in the Mediterranean regions, on the good performance
of the global irrigation system, especially in the years with low precipitation. Thus, it is
important to proceed with the CIS rehabilitation, where the original design criteria must be
updated aiming at considering climate change impacts since infrastructures with a long-life
span are included [37]. Rehabilitation may involve structural changes, which requires a
large capital investment [32]. However, the investment should be proportionate to the
increase in climate resilience associated to different rehabilitation alternatives. Therefore,
the projects offering alternative solutions need to be compared and ranked in terms of
climate resilience [38].

Most recent definitions associate resilience to the “ability” or “capacity” of a system
to respond to a disruption or change [39,40]. The authors of [40] define resilience as “the
ability of a system and its components to anticipate, absorb, accommodate, or recover
from the effects of a hazardous event in a timely and efficient manner, including through
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ensuring the preservation, restoration, or improvement of its essential basic structures
and functions”. The resilience assessment of the CSI rehabilitation alternatives has been
gaining importance, in order to ensure that they will be able to meet the objectives, not
only in the present, but also in the medium and long term. Climate change resilience
analysis is the aim of some studies, e.g., [41,42], however, despite its growing importance,
the application of resilience analysis in irrigation studies is still relatively new, with only
a few studies in this regard, e.g., [43,44]. Most of the scientific works published are in
fact risk and vulnerability analysis and not directly resilience analysis. Some examples
of these studies are the work presented by [45] in which a risk assessment framework
for irrigated agriculture under climate change is presented; by [46], where an integrated
risk management framework for agricultural water conveyance and distribution system is
presented, but without considering future climate change; and by [32], where a vulnerability
approach is used to evaluate the impacts of climate change in the highly regulated Tagus
River basin, in Portugal, and assesses various adaptation options. Regarding the particular
issue irrigation water supply-demand-balance at the Collective Irrigation System (CIS) level,
some studies provide pathways for future adaption to climate change, e.g., [36,38,47,48],
but they also do not address resilience analysis.

The difficulty of assessing the resilience of a system may be due to the diverse factors
that influence this variable including its multidimensional and highly dynamic nature,
which hinders its parameterization, quantification and valorization [45]. Moreover, the lack
of quantifiable indicators for resilience assessment makes this concept quite abstract and
subjective [49]. Thus, a resilience assessment framework to support decision making in the
context of climate change adaptation, using a hybrid approach including both qualitative
and quantitative information, is recommended [47]. This type of approach facilitates
comparison among solutions.

Aiming to help fill the gap in the existing literature, the objectives of the present
work were:

• to develop a methodology framework, including both qualitative and quantitative
information, to carry out the climate resilience analysis of Collective Irrigation Systems.
The methodology integrates three CIS components: (i) crop production systems; (ii) on-
farm irrigation systems; and (iii) rehabilitation alternatives for the conveyance and
distribution of the irrigation water from the source to the farmer fields;

• to test the methodology for the Maiorga Collective Irrigation Scheme, for which
four design rehabilitation and modernization alternatives were analyzed, and their
resilience towards climate change scenarios was assessed. Analysis was performed at
both levels supply and demand, for two climate change scenarios, RCP4.5 and RCP8.5,
and two periods, 2041–2070 and 2071–2100.

2. Materials and Methods
2.1. Methodological Framework

This section describes the methodology developed in the present work for the climate
resilience analysis of Collective Irrigation Systems, considering different rehabilitation
alternatives. Figure 1 presents the scientific approach used for the assessment of climate
resilience of run-of-river Collective Irrigation Systems. The process begins with the con-
struction of an ensemble of climate change scenarios. The data produced is used for the
estimation of irrigation requirements at the water source (demand), for the different future
CC scenarios and for different project rehabilitation alternatives. On the water supply side,
the stream flows are projected for the considered CC scenarios providing the irrigation
water availability (supply). The integrated resilience analysis is based upon the capacity
of each project rehabilitation alternative to guaranty the demand, and also on the crop
production systems and of the on-farm irrigation systems projected for the Collective
Irrigation System. Each step is described in detail in the following sections.
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Figure 1. Flowchart presenting the scientific approach used for calculating climate resilience of
run-of-river Collective Irrigation Systems (ETo—reference evapotranspiration, P—precipitation, CC—
climate change).

2.1.1. Climate Change Scenarios
Climate Model Ensemble

The methodology considers two CC scenarios, RCP4.5 and RCP8.5, and two periods,
2041–2070 and 2071–2100. The RCP4.5 is a controlled emissions scenario in which the
level of global temperature rise is limited, while the RCP8.5 scenario corresponds to a
more severe scenario in which there is a continuous growth of emissions throughout
the 21st century. The period 2041–2070 was selected in order to represent a near future
allowing to support farmer’s decisions, while the more distant scenario 2071–2100, allows
to obtain a clearer signal of the CC impacts. On the other hand, because Collective Irrigation
Systems present hydraulic infrastructures, which are designed for very long periods, it
is necessary to consider larger temporal horizons. To obtain an ensemble of projections
for each climate scenario and periods, six General Climate Models (GCM) were selected.
The climate scenarios simulated the GCM model were downscaled using two Regional
Climate Models (RCM), except for the global model CM5-MR in RCP4.5, for which there
was only one model available. The future climate change projections produced by the
RCM models were provided by the CORDEX project (Coordinated Regional Climate
Downscaling Experiment). It was intended to build an ensemble consisting of 12 projections
produced by six GCM × two RCM, or each climate scenario and period. However, for the
RCP4.5 scenario, it was found that not all models were available for the reference period
(1971–2000), not allowing bias correction. Thus, for RCP4.5, only two GCM were used,
combined with two regional models. From the projections produced by the RCM, the
monthly values of maximum and minimum temperature (Tmax and Tmin, respectively)
and precipitation were taken for the reference period (1971–2000) and for the scenarios
RCP4.5 and RCP8.5 considering the periods 2041–2070 and 2071–2100.

The RCM used for the RCP4.5 scenario differ from the regional models used for the
RCP8.5 scenario. However, since it is intended to use an ensemble of climate projections,
the difference between regional models does not affect the work developed here. The
simulated scenarios were produced within the scope of the CORDEX project through the
IS-ENES Climate4Impact portal. The spatial resolution of 11 km was chosen since it was
the one with the highest and with the largest number of available models. The CORDEX
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project provides the climate scenarios data the in NetCDF files, which were later exported
to csv using the Panoply 4.12.4 program freely available at [50]. Table 1 shows the global
and regional models used for each scenario, as well as the institutions that developed them.

Table 1. Climate models ensemble considered for the RCP4.5 and 8.5 scenarios and institutions where
they were developed.

General Circulation Models Regional Climate Models

RCP4.5 RCP8.5

Model Institution Model Institution Model Institution

CNRM-CM5
Centre National de

Recherches
Météorologiques

- - HadREM3-GA7-05
REMO2015

Hadley Centre
Climate Service
Center Germany

EC-EARTH
European Centre
of Medium Range
Weather Forecast

RACMO22E
HIRHAM5

Koninklijk
Nederland

Meteorologisch
InstituutDanish
Meteorological

Institute

COSMO-crCLIM
HadREM3-GA7-05

ETH Zurich
Hadley Centre

CM5A-MR Institut Pierre
Simon Laplace - - HIRHAM5

REMO2015

Danish
Meteorological

Institute
Climate Service
Center Germany

ESM-LR
Max Planck
Institut für

Meteorologie

SMHI-RCA4
CCLM4-8-17

Rossby Centre
Climate Limited-
area Modelling-

Community

SMHI-RCA4
HIRHAM5

Rossby Centre
Danish

Meteorological
Institute

HadGEM2-ES Hadley Centre - - COSMO-crCLIM
HadREM3-GA7-05

ETH Zurich
Hadley Centre

NorESM1-M

EarthClim Project,
Norwegian

Climate Centre
(NCC)

- - HadREM3-GA7-05
COSMO-crCLIM

Hadley Centre
ETH Zurich

Climatic Anomalies

Climatic anomalies are the differences in the values of the climatic variables, between
the periods of the future CC scenarios, 2041–2070 and 2071–2100, and the reference or base
line period simulated by the RCM model (1971–2000). The average anomaly for the various
models under study corresponds to an ensemble of 12 projections (six GCM × two RCM)
defined for each scenario and period. The use of an average instead of the results of each
RCM alone intends to mitigate the uncertainty associated with the climate projections.
The anomalies will be later used to disturb the observed historical data series (1956–1985).
When analyzing the data, it was found that the Had-GEM2-ES-COSMOcrCLIM model only
had data up to November 2098, so all anomalies were calculated for the period 2071–2098
instead of 2071–2100.

Corrected Climate Scenarios Data

To correct the bias in the future climate scenarios projections produced by the RCM,
corrected climate series are constructed through the use of the monthly climate anomalies
(Ensemble) of the climate scenarios (2041–2070 and 2071–2100). The anomalies were
used to disturb the observed historical series (1956–1985) according to the delta change
method [15,51]. This method consists of adding the anomalies to the observed historical
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series for the minimum and maximum temperature (◦C). Regarding precipitation (mm), a
multiplicative factor was used according to the following expressions.

Tscenario = Thistorical + Tanomaly (1)

where Tscenario is the corrected temperature for the climate change scenario (◦C); Thistorical is
the temperature observed in the reference period (1971–2000) (◦C); and Tanomaly corresponds
to the difference between the air temperature simulated by the RCM for climate change
scenarios (RCP4.5 and RCP8.5) and the temperature simulated by the RCM for the reference
period (1971–2000) (◦C).

For the precipitation variable, the delta change method is given by:

Pscenario = Phistorical ×
PRCM scenario
PRCM re f erence

(2)

where Pscenario is the corrected precipitation regarding the climate change scenario (mm);
Phistorical is the precipitation observed in the reference period (mm); PRCM scenario is the
average monthly precipitation simulated by the RCM for the climate change scenario
(mm); and PRCM reference is the average monthly precipitation simulated by the RCM for the
reference period (mm).

The disturbed climate series were used to calculate ETo for the CC scenarios and
periods, and to elaborate the precipitation input files for the calculation of crop irrigation
requirements. The flowchart presented in Figure 2 shows the steps to compute reference
evapotranspiration and precipitation for the historical data and for the CC scenarios.
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Figure 2. Flowchart for the determination of reference evapotranspiration (ETo) and precipitation (P)
for the observed historical period (e.g., 1971–2000) and for the scenarios RCP4.5 and 8.5, considering
the periods 2041–2070 and 2071–2100 (Tmax is maximum temperature, Tmin is minimum temperature,
P is precipitation, ETo is reference evapotranspiration).

2.1.2. Irrigation Requirements
Global Irrigation Water Requirements

Crop evapotranspiration, ETc, was computed using the FAO single crop coefficient
methodology [52]:

ETc = ETo· Kc (3)
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where ETc is the crop evapotranspiration, ETo is the reference evapotranspiration and Kc is
the crop coefficient.

To compute the net irrigation requirements (NIR) for each crop, the soil water balance
model ISAREG [53], based upon the FAO single crop coefficient methodology [52] was
chosen because it has been applied to diverse climatic and soil conditions with good re-
sults. Examples of application include those to field crops [54,55], pastures [56], vegetable
crops [57,58], and orchards [59,60]. Furthermore, the model has been used for the assess-
ment of climate change on irrigation water requirements (e.g., [61,62]) and for irrigation
management at Collective Irrigation System [63,64] and basin level [65].

The sum of the net irrigation requirements (NIR) of all the crops in the IS, affected
by the respective on-farm irrigation system efficiency, the wet soil fraction produced by
localized irrigation and the fraction of the area occupied by each crop, yields the global
irrigation requirement (GIR) of the Collective Irrigation System (Equation (4)).

GIR =
n

∑
i=1

(
NIRi· Swa

E f

) (
Ai
AT

)
(4)

where GIR represents the global irrigation requirements for the Collective Irrigation System
(mm), NIR the net irrigation requirements for each crop i (mm), Swa the wet soil fraction
for each irrigation system (fraction), Ef the application efficiency of the irrigation system
(fraction), Ai the area occupied by each crop i (ha), and AT the total irrigated area of the
Collective Irrigation System (ha).

The monthly and annual GIR anomalies were calculated by comparing the val-
ues obtained for the historical observed period (e.g., 1970–2000) and the 2041–2070 or
2071–2100 periods. The methodology is presented in Figure 3.
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Figure 3. Flowchart summarizing the calculation methodology of the global irrigation requirements
(GIR) at the Collective Irrigation System level (Eto—reference evapotranspiration, TAW—total avail-
able soil water, p—depletion fraction, Zr—depth of roots, Kc—crop coefficient, fw—wetted soil
fraction, NIR—net irrigation requirements).

Irrigation Water Requirements at the Source

Water losses occur from the water abstraction point at the source to the hydrants
supplying the farmer’s plots, due to leakage and evaporation. The number of losses
depend upon if the water conveyance and distribution is performed by open channel or
by a pressurized pipe system. In order to determine the water requirements at the source
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(WRS), it is therefore necessary to affect the global irrigation requirements determined at
the plots level, by the conveyance and distribution network efficiencies (Equation (5)).

WRS =

(
GIR

EC·ED

)(
A

100000

)
(5)

where WRS are the water requirements at the source (hm3), GIR are the global irrigation
requirements (mm), EC and ED are the conveyance and distribution efficiencies (fraction),
respectively, and A the total area to irrigate (ha).

2.1.3. Water Availability at the Source and Supply–Demand Balance

The methodology developed here applies to run-of-river Collective Irrigation Systems
for which the availability depends upon the instantaneous stream flows, which in turn
depend upon the watershed runoff flows. Projected changes in runoff were therefore used
as a proxy for the expected changes in the stream flows. Runoff anomalies are provided by
the Copernicus Climate Change Service (C3S) project [66] were used. Runoff anomalies data
was obtained through the large-scale hydrological model HYPE (Hydrological Predictions
for the Environment), with a daily time step and a spatial resolution of 50 km [67]. Data were
only available for 2050 and 2080, so it was considered that these years were representative
of each of the study periods (2041–2070 and 2071–2100). The river flow anomalies were
used to disturb the observed historical series of the stream flows, producing the projected
flow rates for the RCP scenarios, which correspond to the irrigation water availability, or
supply, at the source (WAS). The supply–demand balance was then calculated for the future
climatic scenarios as:

S− D = WAS−WRS (6)

where S − D represents the supply demand balance, WAS represents the irrigation water
availability at the source, and WRS are the irrigation water requirements at the source
(demand).

The S − D results allowed the estimation of the irrigation supply guaranties for the
future climatic scenarios.

2.1.4. Climate Resilience Analysis

The methodology applied in the present study to assess the resilience of a run-of-river
Collective Irrigation System analyses three components, each one integrating the param-
eters that were considered the most determinant of resilience. These components are (i)
the crop production systems; (ii) on-farm irrigation systems; and (iii) project rehabilitation
alternatives for the conveyance and distribution of the irrigation water from the source to
the farmer fields. By integrating these different components, this methodology allows for
an integrated assessment of the climate IS resilience and not just of the infrastructures. A
chromatic scale of resilience is used for the sake of simplicity, as it allows a straightforward
identification of the weaknesses and strengths of the system [68]. Chromatic resilience
scales, from very low to very high resilience, were created for each parameter [69].

• Climate resilience of crop production systems

The parameters considered of importance within this component were the orchards
chilling requirements, crop response to water stress and salinity, the percentage of perennial
crops in the Collective Irrigation System cropping pattern, and the crop production costs.

Chilling requirements:
Knowing the chilling requirements of a cultivar can be critical in determining if it can

be adapted to a particular climatic condition. Fruit trees need to accumulate a cultivar-
specific amount of chilling to break winter dormancy and to flower properly in the spring.
Growers can use this information to anticipate the future performance of their orchards and
the adaptation of new cultivars to their region [70,71]. With the increase in air temperature,
namely the minimum temperature, projected by the climate models, the number of years
in which the accumulation of chilling hours will not be sufficient to supply all the chilling
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requirements of the existing varieties in the MIS may increase. Based on the number of
hours with temperatures below 7.2◦ [70], to which apple and pear trees must be subjected
to break dormancy, the number of chilling units were accumulated, corresponding to the
90th and 10th percentiles for the period between 2011 and 2021. These values are to be
compared to the chilling requirements of the fruit trees in the Collective Irrigation System.

Response to water stress:
According to [72], the yield response factor, Ky, relates the reduction of the crop produc-

tive yield with the reduction in evapotranspiration caused by the water deficit. The higher
the Ky value, the greater the reduction in yield for a given reduction in evapotranspiration.
Five classes of resilience were created for this parameter (Table 2).

Table 2. Crop related parameters and correspondent resilience classes.

Normalized Ky Resilience Class Soil Water Depletion Factor (p) Resilience Class
1.0–0.8 Very low 0.2–0.5 Low
0.8–0.6 Low 0.5–0.6 Average
0.6–0.4 Average >0.6 High
0.4–0.2 High
0.2–0.0 Very high

Relation crop yield/salinity:
This parameter was evaluated according to [52], which classifies crops as tolerant,

moderately tolerant, moderately sensitive, and sensitive. The parameter relies upon the
electrical conductivity of the saturation extract when production begins to decrease (ECe
threshold), and the reduction in production by increasing electrical conductivity in the
saturation extract (b) after ECe threshold has been reached.

Soil water depletion factor, p:
This factor identifies crop resistance to water stress [52,73] and its knowledge allows

the reduction of the volume of water supplied to the crop without production losses. It is
also a function of the soil type, and its value is usually lower in clay soils as compared to
sandy soils. Three classes of resilience (Table 2) were created for this parameter.

Production costs:
The analysis of installation and operation costs per hectare, unit costs per kilogram

of production and gross revenues per hectare was carried out. This analysis will make
it possible to assess resilience from an economic perspective, in which crops that require
greater investment will present lower resilience, as in the event of crop loss, damage could
jeopardize the farm economic viability. Thus, resilience increases from perennial crops (e.g.,
orchards) and very intensive and specialized agricultural systems, to more extensive and
diversified crop systems with low investment and costs where the climate risk will have a
low economic impact [74].

Percentage of permanent crops:
Two resilience classes were created for this parameter. It was considered that resilience

is low when the irrigated area is composed of 75% or more of perennial crops and that it is
high when the opposite occurs. Traditionally, in a situation of water scarcity, the supply
of orchards and other perennial crops is prioritized to the detriment of annual crops. If
the percentage of perennial crops is too high, this prioritization becomes unfeasible. In
this case, the most sensitive or more profitable perennial crops may take priority over
less sensitive or less profitable ones, which will lead to certain perennial crops not being
irrigated, thereby reducing the resilience of the IS.

• Climate resilience of on-farm irrigation systems

Within this component, the parameters considered of importance with respect to
climate change adaptation/resilience are the irrigation system application efficiency and
the fraction of soil that is wet by irrigation. Irrigation systems application efficiency (AE) is
defined as the ratio between the amount of water retained in the root zone and the amount
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of water applied by the system. Thus, a low AE means that irrigation system produces high
water losses, and therefore its climate resilience is low. Four resilience classes were created
for this parameter (Table 3). The soil wetted area, Swa, corresponds to the ratio between
the area wetted by the irrigation system and the total field area. Low SWA induces reduced
evaporation losses, and thus higher climate resilience (Table 3).

Table 3. On-farm irrigation system parameters and correspondent classes of resilience.

AE (%) Resilience Class Swa Resilience Class
<65 Low >0.9 Very low

65–80 Average 0.6–0.9 Low
80–90 High 0.4–0.6 Average
>90 Very high <0.4 High

AE—Application efficiency; Swa—Soil wet area.

• Climate resilience of the project rehabilitation alternatives

Project rehabilitation alternatives aim to improve irrigation water distribution and
supply to the farmers’ fields. Thus, the parameters considered of greater importance
were the number and type of water sources, the water quality at the source, the type of
distribution system (open channel or pressurized pipe), the supply demand balance, and
the number of severe supply failures for each alternative.

Number and type of water sources considered:
Five resilience classes were created (Table 4), considering not only the number of

water sources and their type (surface water vs. groundwater), but also their regularization
capacity given by the existence or not of intermediate reservoirs.

Table 4. Project rehabilitation alternatives and correspondent resilience classes.

Number and type of irrigation water sources Resilience class
One source; surface without flow regularization Very low

More than one source; surface without flow regularization Low
One groundwater or one surface source with flow regularization Average
Groundwater source and surface source with flow regularization High

Electrical conductivity of the water at the source

Ecw (dS m−1)/Use restrictions Resilience class
>3.0/Severe Very low

0.7–3.0/Moderate Average
<0.7/None High

Guarantee for irrigation water availability
Guarantee (%) Resilience class

<80 Very low
80–90 Average
>90 High

Failures in water availability
Severe failures Resilience class

with Low
without High

Irrigation water quality at the source:
Irrigation water quality impacts the soil solution osmotic potential, and consequently

the ability of the plants roots to absorb water, which can be very important in water scarcity
conditions. To quantify the impact of water quality upon resilience, the values of electrical
conductivity (ECw) at the water source were used, together with the crop specific levels of
restriction proposed by [75]. Resilience classes are presented in Table 4.
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Supply–demand balance:
This balance, calculated with Equation (6), allows the evaluation of the capacity of

the different project rehabilitation alternatives to meet the irrigation requirements at the
source (WRS) for an observed historical period (e.g., 1970–2000) and for each of the climatic
scenarios and periods of analysis (RCP4.5 and 8.5, 2041–2070 and 2071–2100). For the
period from April to October, corresponding to the irrigation season, and for each scenario
and analysis period, the monthly stream flows obtained through the disturbance of the
historical runoff series, are compared with the IRS. When 90% of the annual flow rates
were able to supply at least 90% of the IRS (a value often used in irrigation projects) it was
considered that there were no supply failures in that year. The methodology used for the
supply–demand balance is presented in Figure 4.
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for the different rehabilitation alternatives (GIR—Global irrigation requirements, IRS—Irrigation
requirements at the source).

Three climate resiliency classes were created regarding failures in water supply
(Table 4). The minimum supply guarantee of 80% usually considered in irrigation projects
was used, meaning that it is required that the supply meets the crop irrigation requirements
in at least 80% of the years.

Number of severe irrigation water supply failures:
In the present study, severe failures are considered when the volume of water supplied

is less than 60% of the irrigation volume required at the source. As the Collective Irrigation
System uses runoff river flow, the failures severity was analyzed with a monthly step. For
severe failures, two resilience classes were created, one corresponding to a system with
severe failures and the other to a system without severe failures (Table 4).

For the parameters water supply guarantee and number of severe irrigation water
supply failures, climate resilience was evaluated based on the projection for the RCP4.5
and RCP8.5 scenarios, considering the periods 2041–2070 and 2071–2100. For the crop
parameters and irrigation water quality at the source, with no specific data available on
how these parameters will behave in the future climate change scenarios, it will only be
possible to infer their susceptibility to climate change, based on what is expected to occur
in terms of temperature and precipitation evolutions.

2.2. Methodology Aplication to the Maiorga Collective Irrigation System
2.2.1. Localization and Climate of the Studied Area

The Maiorga Collective Irrigation System (MIS) is localized in Leiria district, in central
Portugal near the Atlantic coast. Figure 5 shows the area that will be occupied by MIS
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after rehabilitation, consisting of 365.4 ha on an alluvial plain. The MIS borders two other
Collective Irrigation Systems, Cela and Valado de Frades, with whom the water sources are
shared.
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Figure 5. Localization of the Collective Irrigation Systems, Maiorga, Cela, and Valado de Frades.

The climate of the region according to the Köppen–Geiger classification system is Csb,
temperate Mediterranean climate with dry and mild summers [76]. The 1971–2000 monthly
climate norm for the Alcobaça weather station (39◦32′ N; 8◦58′ W; 38 m a.s.l.), obtained
from the Portuguese Institute for Sea and Atmosphere (IPMA) are shown in Figure 6. The
seasonal distribution of precipitation is typical of the Mediterranean temperate climate,
characterized by its concentration from October to April, during which occurs about 83% of
the average annual precipitation (839.6 mm). The months of November, December, January
and February are the ones with the highest occurrence of precipitation, with the months
of July and August having the lowest average value. The monthly average temperature
presents its minimum value in January with 9.6 ◦C and a maximum of 20.3 ◦C in July and
August [77]. Reference evapotranspiration (ETo) presents the lowest monthly average value
in December with 36.0 mm and the maximum in July with 151.4 mm. The above shows
how crop production is highly dependent from irrigation in the Mediterranean regions.
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Figure 6. Monthly average precipitation (P) and air temperature (Tmax and Tmin) measured in
Alcobaça meteorological station for the 1971–2000 period, and respective reference evapotranspira-
tion (ETo).

2.2.2. Brief Characterization of the Maiorga Collective Irrigation System

The current collective water distribution system of MIS uses mainly runoff river flows
from the Alcobaça, Areia and São Vicente rivers, and therefore without the existence of
a regularization reservoir. To a lesser extent, ground water is also used as a source for
irrigation. The weir on the Alcobaça River, upstream of the MIS, does not allow seasonal
regulation of flows for irrigation. This weir supplies part of the MIS area through a
hydraulic distribution system, consisting of a channel, pipes and ditches, with a set of
agricultural plots in the banks of the Alcobaça River, which directly withdraws water from
the river. The São Vicente River is an intermittent river with low flow or absence of flow
during the summer. The Areia River constitutes the main source of water for the northern
part of the MIS. At the present, the infrastructures that supply the Collective Irrigation
System of Maiorga in Central Portugal have deteriorated presenting a low efficiency in
water delivery.

The Collective Irrigation System comprises 407 farms, of which 325 present an area
smaller than one ha. Farms with areas higher than 10 ha represent 22% of the total area.

Regarding the cropping pattern, pear and apple orchards present the higher share
(72.4% of the area) followed by annual crops (mainly horticulture, such as potato and
cabbage) covering 20% of the area. This is a typical pattern for this region of the country.
Drip irrigation is used in the orchards while in the vegetable crops irrigation is performed
by solid set sprinklers systems. To compute the global irrigation requirements, a scenario
for the Collective Irrigation System future crop pattern was defined, based upon the pattern
of evolution of recent years. This led to an increase in the orchards area to 85% of the total
IS area and a decrease of the horticultural crops share to 15%.

2.2.3. Data Sets and Sources

The climatic anomalies were calculated for the reference period 1971–2000. However,
these anomalies were used to disturb observed historical series relative to the 1956–1985
period, since historical data was available for the region only for this period, from the
Alcobaça meteorological station. These two series are overlapped in 15 years, which may
result in lower differences, so it is not an impediment to the application of the methodology.

Based on the historical data ETo was computed using the Penman-Monteith FAO
equation [52] and the Hargreaves-Samani equation [78]. For the periods 2041–2070 and
2071–2100, for each RCP4.5 and RCP8.5 scenario, the available climatic data consisted of
maximum and minimum air temperatures and precipitation. Only these variables were
considered to produce the disturbed climate change series due to the high number of
models and scenarios considered in the ensemble, which would make it impracticable
to consider all the variables necessary for the calculation of the FAO Penman-Monteith
equation. Thus, ETo was determined using the Hargreaves-Samani equation (HS), which is
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considered a valid alternative to the FAO PM after calibration. The calibration coefficient of
the HS equation was obtained for the period 1956–1985, for which ETo was obtained using
both equations [79].

Regarding the perennial crops, the apple varieties Royal Gala and Fuji require between
600 to 800 h of cold, while the pear variety Rocha requires 550 h of cold.

The stress coefficient’s values (Ky) were normalized to create the five resilience classes
with the same amplitude and with values between zero and one, according to the method-
ology used in [45]. Normalization was performed as the ratio between the Ky of one given
crop and the maximum Ky value for entire set of crops. The p values range from 0.3, for
crops with shallow roots, to 0.7, for crops with deep roots. A Swa values of 0.6 was used
for drip irrigation since the orchards of the MIS present reduced tree spacings.

According to the Portuguese Soil Map, heavy-textured cambisols predominate in the
study area. Thus, a total available water (TAW) of 150 mm m−1 was inputted in the soil
water balance model ISAREG. The irrigations were triggered when the soil water storage
reached the no stress soil water threshold, with small irrigation depths corresponding to
the daily ETc, being applied.

Table 5 summarizes the sources used to collect the data specific to the case study. Some
of the data sets collected are presented in the Appendix in Tables A1–A4.

Table 5. Data sources used in the present study.

Data Source

Crop
Crop coefficients and depletion factor (further corrected to local

climatic conditions) [52]

Stress coefficients for orchards and potatoes [45,73]
Chilling requirements for orchards [71,80]

Sowing and harvest dates, crop stage length, rooting depths Farmers inquires
Yields and reference prices Crop insurance data 2021 [81]

Irrigation systems
On farm [82]

Irrigation water conveyance and distribution efficiencies [83]
Production costs [84]

Meteorological data
Historical temperature data series 1956–1985 Alcobaça meteorological station (39◦32′ N; 8◦58′ W; 38 m a.s.l),

Historical precipitation data series 1956–1985 Cela meteorological station (39◦′34 N; 9◦04′ W; 2 m a.s.l.)
from [85]

Soils Portuguese Soil Map (CSP) and Land Use Capacity
(DGADR—Ministry of Agriculture)

Water
Monthly flows of the Areia and Alcobaça rivers for the period

1956 to 1985 [85]

Irrigation water quality for the period 1989 to 2014 [85]

The project rehabilitation alternatives selected for the Maiorga Collective Irrigation
System include different water sources and different water transport and distribution
systems and hence different efficiencies, are presented in Table 6. The Areia River and
the Alcobaça River also supply the neighbor Collective Irrigation Systems of Valado dos
Frades and of Cela. Thus, it was necessary to calculate the irrigation water requirements at
the source (WRS) for these CIS for the historical period (1956–1985) and for the climatic
scenarios RCP4.5 and RCP8.5 for the periods 2041–2070 and 2071–2100, using the same
methodology used for Maiorga.
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Table 6. Characteristics of the rehabilitation alternatives of the Maiorga Collective Irrigation System.

Rehabilitation
Alternatives

Water Source
(River) Area to Irrigate (ha) Transport and Distribution of

Irrigation Water to Farmers’ Fields
Type EC (%) [83] ED (%) [83]

A (baseline)
Alcobaça Maiorga 101.0 open channel 65 65

Cela 485.0 pressurized - 90

Areia
Maiorga 210.0 open channel 65 65
V. Frades 312.3 open channel 65 65

B
Alcobaça Maiorga 355.6 pressurized 95 90

Cela 485 pressurized - 90
Areia V. Frades 312.3 open channel 65 65

C
Areia Maiorga 355.6 pressurized - 90

V. Frades 312.3 open channel 65 65

D
Alcobaça Maiorga 355.6 pressurized - 90

Cela 485 pressurized - 90
Areia V. Frades 312.3 open channel 65 65

EC—Conveyance efficiency, ED—distribution efficiency.

3. Results and Discussion
3.1. Climate Scenarios Data

Monthly anomalies average, 90th and 10th percentiles of the ensemble of models
considered are presented in Tables A1–A3 in the Appendix. The calculated anomalies show
high variability among the different models and periods, which confirms the uncertainty
arising from future climate projections, as found by [86], who developed a study to evaluate
uncertainty in the use of climate models to produce future climate scenarios for Europe. The
historical data series were disturbed with the anomalies producing the projected climate
scenarios. Figure 7a shows the average monthly precipitation for the historical period
1956–1985 and for the periods 2041–2070 and 2071–2100 for the RCP4.5 and 8.5 scenarios. It
should be highlighted that an expressive reduction in precipitation during the spring (April
and May) for all CC scenarios and periods was detected. Likewise, there is an increase
in precipitation during the winter, for the CC scenarios, especially during January and
February. Therefore, a tendency towards a greater concentration of precipitation in winter
and a greater length of the dry season is projected. Similar trends are presented by [87] in
their work describing how numerical models are used to simulate the climate at regional
Mediterranean scale.

The monthly averages of maximum air temperature for the observed historical se-
ries 1956–1985 and for the scenarios RCP4.5 and RCP8.5, for the periods 2041–2070 and
2071–2100, are represented in Figure 7b. The analysis shows an increase in the average max-
imum temperature in all months, with this increase being more accentuated for the RCP8.5
scenario and for the more distant period (2071–2100). Thus, this scenario corresponds to an
upper boundary of the anthropogenic radiative forcing, as stated in [88].

Figure 7c shows the monthly average values of the minimum air temperature (Tmin)
for the observed climate series, 1956–1985, and for the RCP4.5 and RCP8.5 scenarios, for
the 2041–2070 and 2071–2100 periods. As for the maximum air temperature, there is an
increase in Tmin for all months, scenarios and periods, which is more expressive for the
RCP8.5 scenario for 2071–2100, as expected [88].

3.2. Global Irrigation Requirements

Table 7 presents the global irrigation requirements, GIR, for the average years of the
periods and scenarios considered, for the cropping pattern defined for the future scenarios
(Equations (3) and (4) and Tables A4–A6 in the Appendix). The future cropping pattern
consists of pear and apple orchards (85% of the irrigated area) and annual crops, mainly
horticulture such as potato and cabbage (15% of the irrigated area). Increases in GIR for
the peak demand period (July) up to 15% can be noticed for future CC scenarios. Increases
of 22 and 33% in seasonal irrigation requirements at a watershed level for the RCP 8.5
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(2070–2100) using RACMO and RCA models, respectively, were calculated and presented
in [28]. The average monthly and annual GIR anomalies (∆GIR) for the proposed cropping
pattern scenario and for each of the climate scenarios are presented in Table 7. The projected
anomalies in the GIR, for the future CC scenarios, are considerably greater in the RCP8.5
(increase of 24.4%, in the 2041–2070 and 35.7%, in the 2071–2100) when compared to the
RCP4.5, which presents increases between 5.5% (2071–2100) and 6.6% (2041–2070).
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Figure 7. Monthly average values for the historical period 1956–1986 and for the periods 2041–2070
and 2071–2100 (projection scenarios RCP4.5 and RCP8.5): (a) precipitation; (b) maximum air temper-
ature; and (c) minimum air temperature.

3.3. Stream Flows

The monthly average runoff anomalies for CC scenarios RCP4.5 and 8.5 in 2050 and
2080 compared to the reference period (1956–1985) are presented in Table 8. It should be
noted that within the ensemble of models considered, there is a wide variation, with some
models predicting an increase, while others predict a decrease in runoff. Analyzing the
average anomalies for RCP4.5, a reduction in annual runoff of 11% is projected for 2050 and
9% for 2080. For RCP8.5, for 2050 a reduction of 13% of the annual runoff is predicted, but
there is greater disparity between the results of the models. For 2080, a 30% reduction in
annual runoff is expected, with all models projecting reductions. In their study regarding
the rainfall–runoff relationships in Mediterranean streams [89], conclude that the future
drier scenario considered in the climate projections could lead to an increase of the return
period for the required magnitude of rainfall events to generate runoff flows.
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Table 7. Global irrigation requirements (GIR), for the average year, for the crop scenario considered
and respective anomalies (∆GIR).

Period
GIR (mm) ∆GIR

Mar Apr May Jun Jul Aug Sep Oct Annual mm %

1956–1985 0.4 1.4 11.2 38.5 74.4 59.8 26 3.6 215.3 - -
RCP4.5 2041–2070 0.8 3 14.2 40.3 74.5 63.7 27.7 5 229.6 14.3 6.6
RCP8.5 2041–2070 0.4 2 21.6 54.8 81.7 66.5 35.8 4.8 267.9 52.6 24.4
RCP4.5 2071–2100 0.4 1.8 12.6 43.5 79.7 60.7 24.5 3.7 227.1 11.8 5.5
RCP8.5 2071–2100 0.4 3 27 62.8 85.5 67.8 36.3 8.3 292.1 76.8 35.7

Table 8. Average monthly and annual runoff anomalies in 2050 and 2080 compared to the reference
period 1956–1985 for climate scenarios RCP4.5 and RCP8.5.

Average Anomalies (%)

Scenario Period Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

RCP4.5 2050 −5 7 20 −17 −39 −15 −17 −18 −18 −6 −25 −23 −11
RCP4.5 2080 2 4 14 −19 −41 −23 −19 −18 −5 −24 −25 −3 −9
RCP8.5 2050 2 −6 13 −15 −34 −19 −20 −20 −13 −3 −19 −31 −13
RCP8.5 2080 −9 −27 −17 −39 −53 −35 −34 −29 −35 −43 −43 −31 −30

Since the runoff anomalies were considered a proxy to stream flow anomalies, they
were used to estimate river flows reductions. Flow anomalies show higher reductions for
the RCP8.5 than for RCP4.5. It appears that despite the large variability of anomalies for the
different models, there is an overall tendency for stream flow reductions. These reductions
will be particularly expressive in the months of April and May, extending through the
summer and again becoming more pronounced in October, thus indicating a reduction in
water supply during the irrigation season. The results also show increases in stream flows
for the months of January, February, and March, except in the RCP8.5 scenario for 2080.
There is a noticeable reduction in runoff for RCP8.5 in 2080, in which all months present a
negative anomaly. These expected changes in streamflow are in line with those provided
by [31] who estimated reductions at the end of the century varying from 36.6% and 50.5%,
and by [89] who projected changes in annual streamflow varying from +32% to −60% and
reaching up to −65% in spring and −49% in summer.

3.4. Climate Resilience Analysis
3.4.1. Climate Resilience of the Crop Production Systems

Table 9 shows the Average, the 90th, and the 10th percentiles of chilling hours in the
Alcobaça municipality between 2010 and 2020 [77], while the chilling units required by the
apple and pear varieties produced at the MIS are shown in Table 10. One of the expected
impacts of climate change is the decrease in the number of chilling hours, which could
jeopardize the production of fruit trees [70,90,91]. This reduction in the accumulation of
chilling units in the Iberian Peninsula is shown in the works developed by [90,92], especially
for the RCP8.5 scenario and for the more distant period 2071–2100. The production of
perennial fruit plants is dependent on the existence of low temperatures at a specific time
of the year, which makes these crops one of the most vulnerable to climate change [93].
Currently, the existing cold hours in the MIS are sufficient, in most years, to satisfy the
chilling requirements of the fruit trees. The varieties existing in the MIS that are more
demanding in chilling hours require between 600 and 800 chilling hours, and in the last ten
years, there was only one year in which the number of chilling hours was less than 638 h.
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Table 9. Average, 90th, and 10th percentiles of chilling hours in Alcobaça for 2010 and 2020.

Statistics Chilling Hours

Percentile 10 638
Average 804

Percentile 90 963

Table 10. Chilling hours of the apple and pear varieties existing in the MIS.

Crop/Variety Chilling Units

Apple (Royal Gala and Fuji) 600–800
Pear (Rocha) 550

The yield response factor (Ky) of the crops present in the MIS are presented in Table 11.
Regarding Ky, all crops produced in the MIS have very low climate resilience, and it is
therefore expected that, in a future scenario of climate change, if there is water shortage,
these crops will be very vulnerable and the yield losses will be significant.

Table 11. Crop yield response factor (Ky), soil water depletion factor (p), and respective climate
resilience classes [45]. (red = very low and orange = low).

Crops Ky Normalized Ky Soil Water Depletion Factor (p)
Orchards (apple and pear) 1 0.91 0.5

Cabbage 0.95 0.86 0.45
Potato 1.1 1 0.35

The soil water depletion factor (p) values for the crops presents in the MIS and
the respective resilience classes are presented in Table 11. All crops in the MIS can be
considered as having medium resilience. The higher the depletion factor p value, the
greater the amount of water stored in the soil that can exploited by the crop. Irrigation
management based on the depletion factor (p) allows the maximisation of the soil water
used by the plants, reducing the number of irrigation events [94]. The need to improve
irrigation management as a measure to increase crops resilience to climate change is also
referred by [95] due to the anticipated reduction in water availability.

The ECe threshold and b values for the MIS crops, as well as the sensitivity to salinity
according to FAO 56 classification [52], are presented in Table 12.

Table 12. ECe threshold and b values of the crops of the MIS and the respective sensitivity to salinity
classification [52].

Crop ECe Threshold (dS m−1) b (%/dS m−1) FAO 56 Classification

Cabbage 1.0–1.8 9.8–14.0 Moderately sensitive
Potato 1.7 12.0 Moderately sensitive
Apple - - Sensitive
Pear - - Sensitive

ECe threshold—electrical conductivity of the saturation extract at the threshold of ECe when crop yield first
reduces; b—reduction in yield per increase in ECe.

Relative to the yield/salinity relation, cabbages and potatoes are classified as mod-
erately sensitive and apple and pear orchards are classified as sensitive. Analyzing this
parameter together with that of the water quality from the MIS supply sources, it can be
speculated that, with the decrease in flow, water salinity may increase, which, in the case
of the Alcobaça river could be problematic. The proximity of the MIS to the coast can
also increase the risk of salinization due to the rise in sea level in future CC scenarios. In
addition, the possible increase in evapotranspiration and the decrease in precipitation may
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make more difficult to wash salts along the soil profile. All these factors may, in the future,
reduce the productivity of these crops in the MIS. The water quality degradation due to
climatic change is also reported by [96], affecting the availability of water for irrigation and
increasing the irrigation application depths through the need to include a leaching fraction.

Analysing crop production costs (Table 13), it can be concluded that crops can be
divided in two groups, those with high investment and with significant installation costs
(orchards), and those with low investment and without significant installation costs (annual
crops). For orchards a longer return period is considered than in the case of annual crops,
which, combined with the fact that orchards have a production cycle in the order of tens
of years, makes them more susceptible to climate change as they will stay longer in the
field. Furthermore, if an extreme climatic event occurs, which may lead to the destruction
not only of production, but also of the crop itself, the costs related to such damage will
be much higher compared to those of annual crops, since it is necessary to include the
investment made for the orchard installation in addition to the operational costs of the
year in question. Thus, despite being more profitable, orchards are more susceptible to
prolonged drought periods, which means a lower climate resilience. However, according
to [35], the economic analysis of crops production resilience is more complex since it
depends also on risk management measures, such as crop insurances that could increase
the crop production systems resilience.

Table 13. Installation and operating costs and gross revenues for the crops in the Maiorga Collective
Irrigation System.

Crop Costs
Gross Revenue (€ ha−1)Installation (€ ha−1) Operational (€ ha−1)

Cabbage - 6000 6400
Potato - 5220 4500
Apple 12,000–18,000 9860 19,530–32,550
Pear 17,000–19,000 10,846 16,420–20,525

The high percentage of perennial crops in the MIS, with 85% of the irrigated area
occupied by orchards, makes this parameter to be considered as having a low resilience. In
case of water scarcity, as is the case during drought periods, certain orchards may not be
irrigated, or may only have access to a small amount of water that ensures the survival of
the orchard, but not the crop production in that period.

The resilience analysis performed on the MIS crop production systems allowed the
assessment of its vulnerability to climate change, translating its difficulty to adapt to the
new climate conditions of the region [69]. However, it should be highlighted that the MIS
crop production systems vulnerability depends not only of the amplitude of the changes
but also of the pace of climate change to which the system is exposed.

3.4.2. Resilience of On-Farm Irrigation Systems

The resiliencies related to the Application efficiency (AE) and soil wet fraction (Swa)
of the on-farm irrigation systems existing in the Maiorca Collective Irrigation System are
presented in Table 14. It can be verified that in the case of MIS the irrigation systems
efficiencies (AE) are high, corresponding to a high resilience class. This is an important
characteristic since the adaptation to the future CC scenarios is dependent on the efficient
use of water, and farmers are being required to adopt more efficient systems. The increase
in application efficiency as a strategy to improve on-farm resilience was confirmed by [97],
in their study carried out in Northwest China. They performed simulations with the
AquaCrop model to evaluate water savings and production increases in the maize, wheat
and canola crops, demonstrating that drip irrigation with plastic film mulch is the most
resilient adaptation strategy.
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Table 14. Application efficiency (AE) and soil wet fraction (Swa) of the on-farm irrigation systems
in the Maiorca Collective Irrigation System and correspondent resiliency classes. (green = high,
orange = low, red = very low).

On-Farm Irrigation System AE Swa
Sprinkler 0.85 1.0

Drip 0.90 0.6

The soil wet fraction (Swf) produced by the drip irrigation systems, reduces the total
volume of water required for one given crop field. This reduction can be is considerable
for large areas. In the context of climate change, where water availability is expected to
decrease, this reduction could make the difference between the system being able to meet
or not meet the irrigation requirements of a given collective irrigation system. The on-farm
irrigation systems existing in the MIS present Swa with medium (drip) and low (sprinkler)
resilience. The high Swa value for drip irrigation systems is not a consequence of the
irrigation system itself, but rather the spacing of the orchards in this region (intensive, with
reduced spacing in the line and between lines), which attenuates the effect of reducing the
wet area produced by the drip irrigation. Still, it should be referred that [98], by using a
participatory approach with farmers from Morocco, found that the interviewed farmers
consider drip irrigation as the best measure to increase crop production systems resilience
to climate change.

3.4.3. Resilience of Project Rehabilitation Alternatives
Resilience of the Supply-Demand Balance

The guarantee for irrigation water delivery for each of the alternatives, for the historical
period (1956–1985) and for each of the climatic scenarios and respective periods, is presented
in Table 15. For the supply guarantee to be 100% it is required that the supply meets the crop
irrigation requirements in at least 80% of the years. The number of years when the supply
was not enough to fill the demand is also presented for each rehabilitation alternative.
As reported in [99] the reliability for meeting agricultural water demand in a semi-arid
region in USA also decreases in the second half of the 21st century for all the future climatic
scenarios considered in their study.

Table 15. Supply guarantee and number of years with failures for each one of the alternatives in the
period 1956–1985 and climate scenarios RCP4.5 and RCP8., for the 2041–2070 and 2071–2100 periods.

Supply Guaranty (%) Number of Years with Failures
RCP4.5 RCP8.5 RCP4.5 RCP8.5

Project 1966
1985

2041
2070

2071
2100

2041
2070

2071
2100

1966
1985

2041
2070

2071
2100

2041
2070

2071
2100alternative

A
100 100 100 100 97 0 0 0 0 1
55 45 32 32 13 14 17 21 21 27

B 97 94 84 87 68 1 2 5 4 10
C 58 52 35 39 23 13 15 20 19 24

D
100 100 97 100 90 0 0 1 0 3
74 71 61 61 48 8 9 12 12 16

The resilience associated with the number and type of water sources for the different
rehabilitation alternatives of the MIS is presented in Table 16. The fact that the water sources
of the MIS are superficial and have no regularization makes the supply of the irrigated
area very dependent on the existing river flow at each instant. As the projections indicate
a decrease in the flow, the possible alternatives proposed for the MIS were evaluated as
having very low resilience (Alternatives A, C, and D) and low resilience (Alternative B).
The study presented by [99] also concludes that for the semi-arid Colorado region, river
water alone will not meet the irrigation demand in future, and in the absence of agricultural
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water management improvements to prolong fresh groundwater availability, marginal
water may be needed to guarantee the supply.

Table 16. Number and type of water source for each project rehabilitation alternatives for the Maiorga
Collective Irrigation System and correspondent resilience classes (red = very low and orange = low).

Number and Type of Irrigation Water Source
Alternative A One surface source without regularization
Alternative B Two surface sources without regularization
Alternative C One source without regularization
Alternative D One source without regularization

The quality of the water used for irrigation from the Areia River has no restriction on
use, but the Alcobaça River has some salinity that, at the present, does not prevent its use
for irrigation (Table 17). However, in the future, with the decrease in flows, it may become
problematic. It is there associated with an average resilience.

Table 17. Electrical conductivity of the water at source and correspondent use restrictions [78]
(green = high resilience/no restrictions and pink = average resilience/moderate).

Water Source Ecw (dS m−1)
River Areia 0.48

River Alcobaça 0.77

The conveyance (EC) and distribution (ED) efficiencies of water to each of the irrigated
areas supplied by the Alcobaça and Areia rivers, and respective resilience classes, are shown
in Table 18. The lack of regularization in all the proposed alternatives can be considerably
mitigated by improving conveyance and distribution efficiency. In the case of Alternative
B, the existence of a pressurized transport and distribution system for Maiorga and a
pressurized distribution system for Cela classifies as resilient the supply of these collective
irrigation systems for RCP4.5 2041–2070 and 2071–2100, and RCP8.5 2041–2070 (although in
these last two scenarios, the supply guarantee is slightly lower). In the case of Alternative
C, the pressurized conveyance and distribution system for Maiorga and the pressurized
distribution system for Cela makes the supply to these two uses to be considered resilient
in all scenarios. In this alternative, supply failures occur in the Collective Irrigation System
of Valado dos Frades, in which the transport and distribution system is less efficient.

Table 18. Area to irrigate per water source, conveyance and distribution efficiencies for each project
rehabilitation alternative and correspondent resilience classes [76] (green = very high; red = low).

Project
Rehabilitation

Water Source
(River) Area to Irrigate Efficiency (%)

Alternatives Conveyance Distribution

A (baseline)
Alcobaça Maiorga

Cela
65 65
- 90

Areia Maiorga
V. Frades

65
65

65
65

B Alcobaça Maiorga
Cela

95 90
- 90

C
Areia V. Frades 65 65
Areia Maiorga - 90

D
V. Frades 65 65

Alcobaça Maiorga
Cela

-
-

90
90

Areia V. Frades 65 65

Table 19 presents the supply guarantees, corresponding to the years for which the
supply satisfies at least 90% of the irrigation demand (Section 2.1.4). Table 18 also presents
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the respective resilience classes of each alternative for both the MIS and the other collective
irrigation systems supplied by each of the alternatives, for the reference period and for the
RCP4.5 and RCP8.5 climate scenarios (2041–2070 and 2071–2100). The number of severe
supply failures (corresponding to the years for which the supply satisfies less than 60% of
the irrigation demand) for each alternative in the reference period (1956–1985) and in the
RCP4.5 and RCP8.5, for periods 2041–2070 and 2071–2100 is presented in Table 20. The
number of failures is also presented for both the MIS and the other Collective Irrigation
Systems supplied by each alternative.

Table 19. Irrigation water supply guarantee computed for each rehabilitation alternative, and
correspondent resilience classes (green = high, orange = average, red = low).

Supply Guarantee for the MIS (%) Global Supply Guarantee (%)
RCP4.5 RCP8.5 RCP4.5 RCP8.5

Project
alternative

1966
1985

2041
2070

2071
2100

2041
2070

2071
2100

1966
1985

2041
2070

2071
2100

2041
2070

2071
2100

A 100 45 32 32 13 55 45 32 32 13
B 95 94 84 87 68 97 94 84 87 68
C 58 52 52 39 23 58 52 52 39 23
D 100 100 100 97 90 74 71 71 61 48

MIS—Maiorga Collective Irrigation System.

Table 20. Number of severe failures computed for each rehabilitation alternative, and correspondent
resilience classes.

Severe Failures for MIS (No.) Global Severe Failures (No.)
RCP4.5 RCP8.5 RCP4.5 RCP8.5

Project
alternative

1966
1985

2041
2070

2071
2100

2041
2070

2071
2100

1966
1985

2041
2070

2071
2100

2041
2070

2071
2100

A 14 21 23 27 60 14 21 23 27 60
B 0 0 2 2 10 0 0 2 2 10
C 13 17 22 24 53 13 17 22 24 53
D 0 0 0 0 1 3 6 9 9 29

MIS—Maiorga Collective Irrigation System.

In terms of severe supply failures, alternative B is resilient for all three collective
irrigation systems for the scenario RCP4.5 2041–2070. However, for scenario RCP4.5
2071–2100 and RCP8.5 2041–2070, alternative B presents two severe supply failures and
for scenario RCP8.5 2070–2100 ten failures occur. Alternative D is resilient in the collective
irrigation systems of Maiorga and Cela for all climatic scenarios, with the exception of
RCP8.5 2071–2100, where only one severe failure occurs. In this alternative, the remaining
severe failures occur in the collective irrigation system of Valado dos Frades. Alternatives
A and C are not resilient in any of the climate scenarios and have a much higher number of
severe failures than alternatives B and D.

3.4.4. Discussion of the Rehabilitation Alternatives Viability

Analysing the results above, it can be seen that there are two rehabilitation alternatives,
A and C, which present several monthly and annual failures, for all climate scenarios. In
alternative A, the Alcobaça river is able to satisfy the irrigation needs of Maiorga and the
Cela block in scenarios RCP4.5 and RCP8.5, in both periods. However, the Areia River
presents considerable insufficiency in the supply of water for irrigation. In both climate
scenarios, the number of years in which at least 90% of annual irrigation needs are met
does not exceed 45% (RCP4.5 2041–2070). Thus, due to the number of failures in the
supply of the Areia River and their severity (often with supplied volume values below
60% of the requested volume), this alternative is not considered viable. Alternative C is
also considered not viable, as in addition to the several monthly failures in both scenarios,
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the number of years in which the annual river flow is not sufficient to supply 90% of the
demand (annual water requirements at the source) is very high, ranging between 15 years
for RCP4.5 2041–2070 and 24 years for RCP8.5 2071–2100. With this alternative only in 52%
of the years (RCP4.5 2041–2070) the flow will be sufficient to supply at least 90% of the
annual irrigation requirements, and this percentage decreases in the period 2071–2100 of
the same RCP and in the two periods of RCP8.5. Alternatives B and D produced more
satisfactory results, with Alternative B providing guarantees of 90% of the annual demand
(between 94% for RCP4.5 2041–2070 and 68% for RCP8.5 2071–2100) and Alternative D
with guarantees between 100% (RCP4.5 2041–2070) and 90% (RCP8.5 2071–2100). Although
Alternative D produced the best results for Maiorga and Cela, it is observed that the Valado
dos Frades IS (in this option only supplied by the Areia River) will have a very poor water
supply in both CC scenarios and respective periods. Therefore, the rehabilitation alternative
that allows the guarantee of the supply of water to all three Collective Irrigation Systems
with greater security is Alternative B, in which only in the most pessimistic scenario (RCP8.5
2071–2100) is the guarantee of water supply (90% of annual water requirements at the
source) less than 80%. The analysis, taking into account an improvement in the water
conveyance and distribution efficiency in the Valado dos Frades, leads to the conclusion
that there are sufficient water resources to meet irrigation needs in most years in both
climate scenarios. However, these are currently not being managed efficiently.

4. Conclusions

Due to climate change, the resilience assessment of the Collective Irrigations Systems
(CIS) becomes unavoidable. Therefore, a framework was developed for assessing the
resilience of the CIS to climate change, to ensure that they will have the capacity to meet
demand, not only in the present, but also in the medium and long term. The proposed
framework focuses on the resilience of the three main components: i) the crop production
systems; ii) on-farm irrigation systems; and iii) project rehabilitation alternatives. It is
based upon a simple methodology, allowing its application by CIS managers and design
technicians. It is also a general and scalable approach, enabling its application to different
type of systems, with different complexities according to site-specific data availability.

This framework was applied to the Maiorga Collective Irrigation System in central
Portugal, to test the methodology’s performance in assessing the impacts of climate change
on the supply–demand balance of the proposed rehabilitation alternatives and to evaluate
their climate resilience.

The analysis of the climatic anomalies of the selected ensemble of climate models and
scenarios was carried out for precipitation and minimum and maximum air temperature,
showing a high level of uncertainty in the future CC scenarios, particularly in the case of
precipitation. Regarding CC impacts in the global irrigation requirements when compared
to the reference period, projected increases for both scenarios and periods can vary between
6.6% (RCP4.5 2041–2070) and 35.7% (RCP8.5 2071–2100). Regarding the stream flows,
projected reductions vary between 11% (RCP4.5 2050) and 30% (RCP8.5 2080), with high
variability in monthly model results. As expected, the greatest increases in the crop
irrigation requirements (demand) and the greatest decrease in rivers flows (supply) were
observed for the RCP8.5 scenario, and for the most distant period (2071–2100).

The resilience analysis performed to the MIS crop production showed its difficulty
in adapting to the future climate conditions. This is mainly due to the very low resilience
associated with the water stress–yield relation of the crops and their moderate to high
sensitivity to irrigation water salinity. Furthermore, the high percentage of irrigated area
occupied by orchards is classified as low resilience. Regarding the on-farm irrigation
systems, climate resilience is high, particularly for the drip irrigation systems, due to its
high application efficiencies and to the soil wet area produced.

In spite of the difficulty in applying resilience assessment methodologies due to the
lack of quantifiable indicators which makes this concept rather subjective, the present study
allowed the grouping of the CIS rehabilitation alternatives, selecting the ones with most



Agronomy 2023, 13, 661 24 of 30

viability. Alternative A and C presented a high number of supply failures for all climate
scenarios. For the worse climate scenario and period (RCP8.5/2071–2100), the supply could
not meet the demand in 60% and 53% of the years for Alternatives A and C, respectively.
The other two alternatives– B and D–by utilising conjunctive use of surface water and
groundwater show the capacity to guarantee the supply for the MIS only if an increase in
conveyance and distribution efficiencies is achieved. For these alternatives the irrigation
water demand could not be satisfied only in 10% and 1% of the years (Alternatives B and
D, respectively).

Some limitations of the proposed framework were identified. On the one hand, the
high variability among the Collective Irrigation Systems requires the site-specific adaptation
of the methodology, including the selection of the most relevant parameters for resilience
assessment. Therefore, the implementation of this framework must be carried out by
experienced technician and engineers. On the other hand, the construction of the future
climate projections ensemble is a quite time-consuming task and may discourage the
application of the methodology.

As a final remark, the application of the developed framework to the particular
Collective Irrigation Scheme of Maiorga demonstrates its usefulness for selecting the
rehabilitation alternatives with the highest resilience to future climate changes. This is of
great interest since Collective Irrigation Schemes rehabilitation require high investments
and present long-life spans.
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Appendix A

Table A1. Monthly average precipitation anomalies of the ensemble of climate models, 90th, and 10th
percentiles, for the period RCP4.5 and RCP8.5 scenarios, relative to the simulated historical period
(1971–2000).

Climate Anomalies of Precipitation (%)
Climate Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
RCP4.5 2041–2070

10th Percentile 13.6 31.2 −2.0 −24.7 −19.6 −1.4 −3.2 −3.1 −19.9 25.4 −29.0 −14.0
Ensemble Average 60.0 46.7 20.9 −4.4 −12.1 1.4 −1.2 −0.6 −6.4 12.7 18.5 20.1

90th Percentile 108.9 58.1 46.3 13.9 −0.6 5.5 2.1 2.1 5.5 51.1 69.8 55.6
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Table A1. Cont.

Climate Anomalies of Precipitation (%)
Climate Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
RCP4.5 2071–2098

10th Percentile 15.6 44.6 −18.6 24.1 −21.8 −5.5 −5.0 −0.5 −17.2 24.4 −12.9 −13.2
Ensemble Average 37.2 47.4 2.1 −13.6 0.6 −1.7 −1.0 2.0 1.4 −1.5 14.9 25.9

90th Percentile 68.2 50.6 22.5 −5.1 21.7 1.6 4.7 5.3 18.4 28.1 48.4 70.0
RCP8.5 2041–2070

10th Percentile −22.9 −15.8 −10.0 −27.3 −30.7 −15.2 −5.8 −5.6 −28.5 −72.0 −33.1 −83.5
Ensemble Average 2.5 17.0 7.0 −20.7 −21.9 −9.3 −2.0 −3.6 −15.6 26.3 −3.5 −19.1

90th Percentile 32.5 70.9 22.7 −1.1 −9.1 −3.2 0.7 −1.6 −4.7 6.8 34.0 25.9
RCP8.5 2071–2098

10th Percentile −78.6 −18.0 −22.6 −38.7 −33.9 −19.6 −4.7 −10.4 −28.6 −76.8 −45.6 −75.6
Ensemble Average −26.9 10.8 7.1 −27.9 −27.4 −13.6 −2.1 −4.5 −14.1 −49.6 −29.8 −33.4

90th Percentile 10.1 55.4 47.3 −12.0 12.7 −4.7 0.4 1.9 −0.9 −13.0 −14.2 15.9

Table A2. Monthly average maximum air temperature anomalies of the ensemble of climate models,
90th, and 10th percentiles, for the period RCP4.5 and RCP8.5 scenarios, relative to the simulated
historical period (1971–2000).

Climate Anomalies of Maximum Air Temperature (◦C)
Climate Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
RCP4.5 2041–2070

10th Percentile 0.9 0.5 0.2 0.5 1.3 1.3 1.3 1.3 1.8 1.2 1.1 0.8
Ensemble Average 1.1 0.7 0.4 1.0 1.7 1.7 1.7 1.8 2.1 1.6 1.3 1.2

90th Percentile 1.4 0.9 0.5 1.7 2.2 2.2 2.3 2.2 2.4 2.0 1.5 1.7
RCP4.5 2071–2098

10th Percentile 1.3 0.6 0.6 1.5 0.2 1.7 1.9 1.6 1.8 1.9 1.3 1.2
Ensemble Average 1.4 1.0 1.1 1.7 1.3 2.0 2.7 2.1 2.3 2.1 1.6 1.6

90th Percentile 1.5 1.4 1.5 1.8 2.4 2.2 3.7 2.6 2.8 2.4 2.0 2.0
RCP8.5 2041–2070

10th Percentile 1.4 0.9 1.0 1.4 1.9 1.7 1.8 1.6 2.5 2.1 1.7 1.4
Ensemble Average 1.8 1.4 1.4 1.9 2.3 2.4 2.2 2.3 2.9 2.9 2.3 1.9

90th Percentile 2.2 2.0 1.7 2.2 3.1 2.9 2.6 3.2 3.9 4.2 3.2 2.4
RCP8.5 2071–2098

10th Percentile 2.2 1.7 2.0 2.1 2.7 2.7 3.1 2.7 3.2 3.6 2.9 2.5
Ensemble Average 2.9 2.4 2.5 3.3 3.8 3.5 3.7 3.4 4.2 4.4 3.6 3.1

90th Percentile 3.8 3.3 3.3 5.1 4.8 4.3 4.5 4.4 5.2 6.3 5.0 3.8

Table A3. Monthly average minimum air temperature anomalies of the ensemble of climate models,
90th, and 10th percentiles, for the period RCP4.5 and RCP8.5 scenarios, relative to the simulated
historical period (1971–2000).

Climate Anomalies of Minimum Air Temperature (◦C)
Climate Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
RCP4.5 2041–2070

10th Percentile 1.2 1.1 0.6 0.9 1.2 1.5 1.2 1.2 1.5 1.3 1.3 0.9
Ensemble Average 1.7 1.3 0.9 1.2 1.4 1.7 1.7 1.7 2 1.8 1.5 1.4

90th Percentile 2.2 1.6 1.2 1.4 1.6 1.8 2.4 2.4 2.6 2.3 1.9 2
RCP4.5 2071–2098

10th Percentile 1.2 1.3 1.1 1.3 1.3 1.5 1.7 1.7 1.9 1.7 1.2 1.3
Ensemble Average 1.7 1.7 1.4 1.5 1.5 1.8 2.3 2.2 2.4 2.2 1.9 1.7

90th Percentile 2.2 2 1.7 1.7 1.7 2.2 3.3 2.9 3.2 2.8 2.5 2.3
RCP8.5 2041–2070

10th Percentile 1.4 1.2 1.1 1.3 1.4 1.6 1.5 1.6 2.1 1.7 1.5 1.1
Ensemble Average 1.8 1.6 1.4 1.5 1.6 1.9 2 2 2.4 2.2 2 1.7

90th Percentile 2.2 2 1.6 1.7 2 2.3 2.3 2.6 2.8 3 2.4 2
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Table A3. Cont.

Climate Anomalies of Minimum Air Temperature (◦C)
Climate Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
RCP8.5 2071–2098

10th Percentile 2.4 2.3 1.9 2 2.5 2.5 2.7 2.8 3.2 3 2.3 2.7
Ensemble Average 2.8 2.8 2.4 2.6 2.9 3.1 3.4 3.4 3.9 3.6 3.1 3

90th Percentile 3.1 3.5 2.9 3.2 3.3 3.5 4 4.1 4.7 4.6 4 3.3

Table A4. Average crop coefficients (Kc) for the Maiorga Irrigation Project crops [45].

Crop Initial Stage Mid Stage Final Stage

Annual crops
Winter potato 0.4–0.6 1.05 0.4
Spring potato 0.4–0.6 1.05 0.4

Autumn potato 0.4–0.6 1.05 0.4
Winter cabbage 0.4–0.7 1.1 0.9
Spring cabbage 0.4–0.7 1.1 0.9

Autumn cabbage 0.4–0.7 1.1 0.9
Permanent crops

orchards 0.4 0.9 0.4

Table A5. Crop development stages, root depths (Zr), and depletion fraction (p) for each crop,
obtained through inquiries to farmers.

Potato Cabbage

Crop Development Stage Orchards Winter Spring Autumn Winter Spring Autumn

Zr (m) 0.8 0.5 0.5 0.5 0.5 0.6 0.6
p (%) 40 40 40 40 40 40 40

Initial Planting date 01/jan 15/feb 01/jun 15/sept 15/may 01/jun 15/sept
Beginning of crop

development DAP 90 15 15 15 15 15 15

Beginning of flowering DAP 120 35 35 35 35 35 35
Beginning of fruit formation DAP 150 60 60 60 60 60 60

Beginning of late season DAP 185 80 80 80
Harvest or end of irrigation DAP 240 90 90 90

End of late season DAP 285

DAP—Days after planting.

Table A6. Crop and irrigation system data for the determination of the global irrigation requirements.

Area (%) Irrigation System Irrigation Efficiency Fraction of Wetted Area

Orchards 85 Drip 0.9 0.6
Other crops * 15 Solid set sprinkler 0.85 1

* Winter, Spring and Autumn potato; Winter, Spring and Autumn cabbage.

Table A7. Transport and distribution efficiencies considered for the Maiorga Collective Irrigation
System [76].

Conveyance Efficiency (%) Distribution Efficiency (%)

Open channel 65 65
Pressurized 95 90
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